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INTRODUCTION 


The great and rapidly increasing industrial importance of systems 
containing long-chain compounds needs no emphasis. In spite of their 
importance, most of the progress that has been made in correlating the 
properties of these systems with their compositions has been made 
empirically. Much evidence has accumulated to show that many of 
the theoretical relationships applicable to systems containing only small 
molecules cannot be applied, without substantial modification, to sys¬ 
tems containing giant chain molecules. This has been especially true 
with regard to solutions. There has been no quantitative theory of the 
thermodynamic properties of these solutions—those properties (vapor 
pressures, osmotic pressures, freezing points, boiling points, solubilities, 
formation of gels and absorption of solvents by them, etc.) which depend 
directly on the activities of the component substances. 

In the present paper 1 this lack is remedied. Using w^ell-known sta¬ 
tistical methods, equations for the activities are derived and shown to be 
in good agreement with the considerable amount of experimental data 
in the literature which is suitable for testing them. One can therefore 
now T proceed with confidence to apply these equations to other systems 
than those tested and to all properties (such as those mentioned above) 
depending on the activities. 

The equations derived are also applicable to solutions containing only 
# molecules of small molecular weight. They furnish a means of calculat¬ 
ing the magnitude of the effect of the volume, shape and flexibility of the 
component molecules on the entropy or randomness contribution to the 
activities—effects which are usually neglected for want of a satisfactory 
theory, but which are often far from negligible. 

In recent years it has become increasingly evident, largely as a result 
of extensive studies of the thermodynamic properties of solutions of 
chain molecules by Meyer and his collaborators , 2-9 that the large devia¬ 
tions from u ideal ' 5 behavior shown by such solutions—especially when the 

1 An outline of the material herein was presented before the Division of Physical and Inorganic 
Chemistry of the American Chemical Society at Atlantic City, September 11, 1041. A preliminary 
report, presented at the W. D. Bancroft Colloid Symposium, Ithaca, New York, on June 90, 1041, has 
just been published. Huggins, M. L. Jour. Phys. Chem. 46: 151. 1949. A brief note, dealing 

with the application of the results to osmotic pressure data, has also been published. Huggins, M. I*. 
Jour. Chem., Phys. 9: 440. 1941. 

* Meyer, E. H., & Liihdem&nn, R. Helv. Chim. Acta. 18: 307. 1935. 

3 Boissonas, C. G. Helv. Chim. Acta. 20: 70S. 1937. 

4 Boissonas, C. G., & Meyer, E. H. Helv. Chim. Acta. 20: 783. 1937; Z. physik. Chem. B 40: 

108. 1938. 

3 Meyer,* E. H. Z. physik. Chem. B 44: 383. 1939; Helv. Chim. Acta. 23: 1063. 1940. 

f Meyer, E. H., Wolff, E., & Boissonas, C. G. Helv. Chim. Acta. 28: 430. 1940. 

7 Wolff, E. Helv. Chim. Acta. 23: 439. 1940. 

3 Hagger, O., & van der Wyk, A. J. A. Helv. Chim. Acta. 23: 1S4. 1940. 

3 Meyer, E. H., & van der Wyk, A. J. A. Helv. Chim. Acta. 23: 48b. 1940. 

(3) 
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chains are very long—are due to an entropy effect rather than to an energy 
effect or to solvation. Meyer has discussed the situation very ably from 
a qualitative standpoint, but no quantitative theoretical treatment has 
yet been published. Fowler and Rushbrooke 10 and Chang, 11 - 12 it is 
tine, have made a beginning in this direction, treating statistically the 
much simpler case of a solution of diatomic dumbbell molecules in 
spherical monatomic molecules.'* Very recently, also, Flory 13 has an¬ 
nounced that he has carried through a statistical treatment along the 
same lines as the present one, with results which are at least approxi¬ 
mately the same. 

In this paper, equations will be derived for the partial molal entropies 
of dilution in idealized solutions of chain compounds and for the activities 
and various other related quantities. The applicability of these equa¬ 
tions to actual solutions will be discussed from a theoretical standpoint 
and tested by comparison with experimental data. 


DERIVATION OF THE ACTIVITY EQUATIONS 

We consider first a hypothetical solution consisting of Ai spherical 
molecules and chain molecules, each of the latter consisting (figure 
Id of n submolecules of the same size and shape as each type 1 molecule. 
Similarity in shape is probably unimportant, as with simple solutions. 
We assume that there is no volume change on mixing and that the inter- 
molecular energy interactions are not such as to interfere with the ran¬ 
domness winch would result if the heat of mixing w*ere zero. 

Following the procedure applied by Fowier and Rushbrooke 10 to 
solutions of diatomic molecules in monatomic molecules, w r e distribute 
the type 1 molecules and type 2 submolecules among 

A = Ai + /zA 2 (1) 

sites, first adding the type 2 molecules, one submolecule at a time, then 
the type 1 molecules. We count the number of different ways in winch 
each can l>e added and then multiply these numbers together to obtain 
the total number of configurations. From the total number of different 
configurations possible, we can proceed by w’ell-knowm methods to the 
desired equations for the activities. 

Fowler, R. H., & Rushbrooke, G. S. Trans. Faraday Soc. 33: 1272. 1937. 
n Chang, T. S. Proc. Cambridge Phil. Soc. 35: 263. 1939. 

l - Fowler, R. H., & Guggenheim, E. A. "Statistical Thermodynamics.” University Press, 
Cambridge, England. 1939. 

* Hildebrand see Hcf. 22 has dealt w ith the special case of mixtures of rodlike molecules of different 
length 

“ Flory, P. J. Jour. Chem. Ph 5 s. 9: 660. 1941; 10: 51. 1942. 
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Figube 1 . ‘Illustrating tlie designation of submolecules in the z-th type 2 molecule ^first model . 


Let v l3 be the number of alternative sites available for thej-th sub¬ 
molecule of the i-th type 2 molecule. Obviously, 

vi t i = X (2) 

and 

^12 = 2, t3j 

where z is the coordination number, the number of neighbor sites im¬ 
mediately surrounding each site. Also, 

n ,z = y, (4) 

where 

V - * - 1, (5) 

assuming all of the z —1 unoccupied sites around submolecule 1, 2 to be 
equally probable. 

The average numbers of alternatives for the 4th and subsequent 
submolecules are each decreased by a factor to allow for the fact that 
an otherwise available site may be already occupied. This factor will 
be discussed below. 

In general, for the first submoleeule of the f-th type 2 molecule, 

M = (6) 

the last factor expressing the fact that a first submolecule can not be 
placed in a site surrounded by z occupied sites. The chance that all z 
surrounding sites are occupied is/**,!. For the second submolecule, 


-(1 “ft, s) (1 —/i y ,2* 


The factors in this expression may be explained as follows. We con- 
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sider a site S, and the r >ite> Si, S« . . . Sj immediately around it and 
wish to calculate the average number of alternatives for submoleeule 
i,2 if ?,1 is at S, . 

Let f 2 be the fraction of sites already occupied. (See below, follow¬ 
ing equation i 10 1 , however. * Provided there are no limitations regarding 
the occupation of neighboring sites, the chance that any given site is un¬ 
occupied is f 1 — / Making the approximation that the state of 
occupation of any one of the sites Si . .. S* is unaffected by the states of 
occupation of the neighbors, the sum of the products of the number of 
unoccupied sites (in the group S\ ... S g ) times the chance that there is 
that number of unoccupied sites is z(l — / t , 2 b To obtain the average 
number of alternatives, 2 « we must divide this by (1 — /„ * t2 ), the proba¬ 
bility that not all of the sites Si.., S s are occupied, and, unless the chain 
contains but two submolecules, multiply by tl — / 4 y ,s), the probability 
that not all of the sites surrounding Si are occupied. 

We must also take account of the fact that if Si, for example, is 
occupied, the chance that S 0 is occupied by another submolecule in the 
same chain is much greater than /, f2 . The chance that Si is occupied 

2 

bv the first or the last submolecule of a chain is -/ t|2 and the chance 

n 


that it is occupied by an intermediate submolecule is ^1 — -j / tl2 . In 

the former case, one of the z sites surrounding Si must also be occupied; 
in the latter case, two of them must also be occupied. One of these sites 
surrounding Si is So. The chance that both S x and S 0 are occupied by 
adjacent submolecules in the same chain is 



2i n - l)/ tt2 
nz 


( 8 ) 


Since for our calculation, S 0 can not have been previously occupied, we 
must divide the expression for otherwise obtained, by the factor 

Similar reasoning leads to the following expressions for the average 
number of alternatives for the j-th submolecule (2 <j<n) and for the 
last (tt-th) submoleeule of the i-th molecule. 

MA /'q\ 

2(n-l) 

-^- f'-i 


Eizjy (WAj) 
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The quantities / fc ,i and / i( 2 in equations (6) and l 7) represent the 
fractions of the total number of sites which are already occupied. 
Strictly speaking, however, the quantities f li3 and / n in equations (9) 
and (10) should each denote the sum of the fraction ij\) of the sites 
already occupied by submolecules of previously placed molecules and the 
average probability (/ ; ) that one of the sites is already occupied 

by a submolecule of the same molecule. For the first, we can write 


/> = 


{i - 1 )n (1 —/j) 
JY 


( 11 ) 


The second, f 3 , is zero for very small values of n but quite rapidly ap¬ 
proaches a constant small value as n increases. It is obviously in¬ 
dependent of i. The magnitude of the limiting value for f 3 depends on 
z and, in solutions of actual chain molecules, especially on restrictions 
regarding constant bond angles. 

Computations for 2 = 6 with an assumed bond angle of 90°, lead to 
/j=0.080, constant to within about 0.003 for j>4. For larger bond 
angles, f 3 should be smaller. With tetrahedral bond angles, in actual 
solutions, we may guess that f 3 has a value of about 0.05. 

We can assume with but little error (for our purpose) that /,* has the 
same constant value, / 0 , for all values of j. For small values of n 
(say, n<5), 



fo ** 0. 

(12) 

For large values of 

J3 

? 

V 

00 



/o max. 

(13) 

We can thus write 




1! 

✓—s, 

i 

H— 1 

1 

(14) 


for all values of i and j, with / 0 a small constant. 


After all of the type 2 molecules have been placed, there remain Xi 


sites among which the type 1 molecules are to be distributed. 

For the 

first of these, 



v\ = JYi; 

(15) 

for the second, 

= (\ i — 1J 

(16) 

and for the Zth, 

VI = Xi -d-1) 

(17) 
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The total number of configurations for the system is obtained by 
multiplying together the v's for all the type 2 submolecules and the type 
1 molecules. To obtain the number <t> of different configurations, we 
divide this product by AT !, by AT ! f and by <r v T where a, the average 
symmetry" number of the type 2 molecules, is 2 for n equal to 2 or 3 (if 
both ends of the molecule are alike; and (practically) unity if n is greater 
than 3. We obtain 


<t>-- 

Uv.j-Uvi 
" AY- .Vs! <r- v » 

(18) 

A’a 

n^=n 

-I, 

_Yz2/"- s — /„)» 

(19) 

(l 2(B 


\ nz J 

Si 


1 

n vi = AT! 

i-i 

(20) 


Substituting into equation (18) and taking logarithms, we obtain 

.v 3 


In 


= A'»ln + Y.lnY - lnX s ! + n£ln(l - f„) 

- (n - 1) gin (l - f{ ^ (21) 

From Stirling’s approximation for the factorials of large numbers, 

InA 2 ! — A sin A 2 — A (22) 

Replacing the two summations by integrals and making use of equa¬ 
tion (14), 

.Vs 

r «11_ 

(23) 


gln(l - /„) = y*ln[l — / 0 — n - {1 v /o)l ] di 
0 


= A oln(l — /o) + 


= NMl - f 0 ) - X 3 - — lnA T ! + — lmY 
n n 


(24) 

(25) 


and, similarly, 


J2ln 1 — ^= X» In 1 - ——^ -N- 
ns J ' L nz J 
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where 


* (n — 1) (1 — /o) l-/o* UtJ 

The entropy of mixing, divided by Boltzmann's constant, is given by 

= In* - (In*). Vl -(, - dn*).v 2 _ 0 . <2S) 

(The last term is equal to zero for the present case.) Substituting 
equations (22), (25) and (26) in equation (21) and performing the cal¬ 
culation indicated in equation (28), we obtain 

^ = (JVi + *Vi) In -V - .V, In .Vi - .V, In (n.V,) 

+ <■ - v [i - v -+(i - O-'^] ta i 1 - tv ] 

-(»-l)(^-l).V,ln[l-|]. (29) 

The partial molal entropies of dilution, divided by the gas constant 
per mole, are 


= - In Xx* - (l - i) X*** (30b) 




l31,) 


= - lnX»* - (1 - n) Xx^o. 
Here Xx* and X 2 * are volume fractions and 

X 9 * 4 (Xx*) 2 l/2X 2 ‘\ H 

9'~ 1 + — + 3W + . + A~j + 
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From the thermodynamic relations 


and 


In tii = 


ASi Li 

r ^Rr 


34 


, AS 2 . L? 

n n ~ ~ “TT + rt’ 

where Li and L* are the partial molal heats of dilution, we obtain 

/ 2 


(35 1 


and 


= Ns* exp [(1 - n) Ni*ff 2 + 


esp Qf) 

(36a ► 

.i] 

RT J 

(36b > 

"W-O /rN 

VktJ 

i37a> 

u] 

RT] 

(37b) 


These equations satisfy the Gibbs—Duhem—Alargules relationship. 
They reduce to Raoult’s law if the heat of mixing is zero and n = 1. For 
n = 2 they are in agreement with the results of Fowler and Rushbrooke 10 
and Chang 11 * 12 . 

For close-packing of molecules and submolecules, r would have the 
value 12 and (c/. equation (27)) s' would not be far different. In any 
hypothetical solution conforming closely to the assumptions of our 
statistical calculation (spherical molecules and submolecules, etc.}, 2 
(and z f ) would have a value less than 12, such as S or 10. For such 
values of z and 2 ', gi and both differ but little from unity over the 
whole range of composition from Ni* = 1 to N*>* = 1. In actual 
solutions of chain molecules we should expect the positioning and 
orientation of each molecule and submolecule to be considerably limited 
by the shapes and spatial distribution of its neighbors—as well as by the 
occupancy or vacancy of neighboring sites. This fact may perhaps be 
taken care of by the use of smaller values of j', determined empirically. 
However, it would be unreasonable to expect the effective z f value to be 
independent of composition, especially when the proportion of chain 
molecules is large. 
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THE EFFECT OF A DIFFERENCE IN VOLUME BETWEEN 

A TYPE 1 MOLECULE AND A TYPE 2 SUBMOLECULE 

The effect, on the entropy of mixing and derived quantities, of a differ¬ 
ence in volume between a type 1 molecule and a type 2 submolecule, is 
difficult to determine. A satisfactory treatment of this volume effect, 
even for spherical solvent and solute molecules, has not yet been pub¬ 
lished. 14 However, with certain approximations, apparently of a minor 
nature, we can carry through a statistical treatment of one special case, 
t. e., that in which each type 2 molecule is composed of n segments, each 
containing p colinear submolecules, assuming as before that each type 2 
submolecule is similar in size and shape to each type 1 molecule (See 
figure 4) 



Figure 4. Illustrating the designation of sub molecules in the i*th type 2 molecule (second model!. 


We designate a given submolecule by means of three subscripts: i, j 
and k , denoting the number of the molecule, the number of the segment, 
and the number of the submolecule in that segment. Making the 
approximation that the probability that a given site is occupied (when 
the submolecule i, j, k is about to be placed) is the same for all submole¬ 
cules in the same segment (i. e„ is independent of the value of k), we 
have, corresponding to equation (14), 


fu = fo + 


np(z- l) (1 -/„) 

X 


(38) 


** See Ref. 12, p. 366. 
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The probability that a given site is not occupied is 1 — f The proba¬ 
bility that a given site is unoccupied and that p — 1 other sites, all on a 
straight line in a given direction, are also unoccupied is (1 — / p p . The 
probability that at least one of the p closest sites in a given direction from 
a given site is occupied is 

/',,-1-fl-/„)*. (39) 

The probability that none of the p closest sites in each of y given direc¬ 
tions is occupied is 1 — /',V Likewise, for p — 1 sites in each of z 
directions, this probability equals 1 — /Vj, where 

(40) 

[ 2 (n — 1)/ 1 n ~ l 

1- LLM in equation (19) 

nz J 

depends on y } z , n, p and f tJ in a complicated way. One can show 
that, if n is large and p is not too small, this factor can be replaced, 

approximatelv, by (1 — , where 7 probablv has a value of about 

\ 7 *J 

2 for values of p which are neither very large nor very small. 

If n is large we can write: 

(I -ftj) (1 ~fu) = (1 -f'v) = (1 -/.i)’. (41) 


On the basis of the foregoing discussion, we obtain, for this model, 


77 -/j np 


(42) 


corresponding to equation (19), 

Proceeding as with the simpler model, we deduce 

^ = (A T ! + X 2 ) In A T - Ni In X, - *V 2 In (npiV 2 ) 


+ [5 s ‘ + (i- I )H k, [ 1- ^] (43) 

-(2-l)»p.V s b( I -|), 

which is equivalent to equation (29) for large values of n, except for the 
substitution of np for n and of 7 z for z'. Equations (30) to (37) also 
apply to this model, provided these substitutions are made. 

Since n in the first model considered and np in the one treated later 
both denote the ratio of the volume of a type 2 molecule to that of a 
type 1 molecule, we can write for both models, in place of equations (30), 
(31), (36) and (37): 



14 


AXXALS XEW YORK ACADEMY OF SCIENCES 


^-InXV- 


(44) 

R 

\ v 

^ = - In N»* - 

(i - qi Ni* 

(45) 

R 

V w 

ai = Xi* exp ^1 - 

—V xv + — 
yJ 

(46) 

do = No* exp j^l — 

- 2 V NY + — 
w) rtJ 

(47) 


One is tempted to guess that these equations, with gi = g« = 1 and with 
Vi and T 2 replaced by the partial molal volumes Vi and V 2 , give correctly 
(provided complete randomness of molecular distribution and orienta¬ 
tion exists) the effect on the entropies of dilution and the activities of the 
relative molecular sizes, regardless of their shapes and flexibilities —these 
last factors being taken care of by the functions gi and g 2 . This possibil¬ 
ity, however, needs to be explored further. 

THE EFFECT OF DIFFERENCES IN FLEXIBILITY 
OF THE CHAIN MOLECULES 

J) — 1 

The introduction of rigidity into a fraction -- of the bonds in a 

V 

chain affects the entropies of dilution in only a minor way, by changing 
the effective value of z. One can conclude from this that these entropies 
should also be affected only slightly, and in a similar manner, by differ¬ 
ences in flexibility of the chain at each junction between submolecules. 
That this should be the case can also be seen from the fact that this 
flexibility is represented in equations (19) and (21) by the quantity y, 
which does not enter at all into equation (29) for the entropy of mixing. 
In actual solutions we might expect y to vary somewhat with the con¬ 
centration of the solution, being a minimum usually for the pure liquid 
of type 2. If so, y should enter into equation (29) and later equations. 
Neglect of this may introduce considerable error in the region where 
N 2 * is large, but little in the region of low concentration of the chain 
molecules. 

THE HEAT OF MIXING 

Elementary statistical considerations 15 lead to the conclusion that the 

_ 1 * C/.Porter, A. W. Trans. Faraday Soc. 16: 386. 1921; also Staverman, A. J., & vanSanten, 
J. H. Rec. trav. chim. 60: 76. 1941. 
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partial molal heat of mixing of each component can be represented by a 
series of terms involving powers of the volume fraction of the other com¬ 
ponent, the first term being the square term: 


Li = ai(X2*) 2 + j8i(X 2 *; 3 + 


i4Sj 


Lo = «2(Xi*) 2 + #>(Xi*) 3 +. (49) 

Van Laar, 16 Scatchard, 17 and Hildebrand, 18 on the basis of certain 
assumptions which we shall not take the space to discuss here, have 
deduced the relations 


I* = #i. 2 Vi(X 2 *) 2 


(50) 


and 

U = K lt2 V*^*) 2 , (51) 

where Ki ,2 is related to the molal energies of vaporization (AE) of the 
pure components, according to the equation 




(52) 


Although equations (50) and (51) are derived only for what Hilde¬ 
brand calls “regular solutions,” in which the entropy of mixing is the 
same as for ideal solutions, we may write for our more general case, as 
a first approximation, 


for small X 2 *, and 


U - ^( N **) 2 


U = a 2 (N !*) 2 


(53) 

(54) 


for small Ni*. We should not expect these to hold well for concentrated 
solutions, especially if the heats of mixing are negative. This does not 
matter much for dilute solutions of really long-chain compounds, since 
the contribution of the heat term to the free energy of mixing is small in 
comparison with the contribution of the entropy term. 

Using equation (53) and the first two terms of equation (32), we obtain, 
on substituting into equations (30b) and (34) and replacing n by V 2 /V 1 , 

+ (55) 

where 


In d\ = In Ni* + 


( 


16 ran Laar. J. J. Z. physik. Chem. A 137: 491. 1998. 

17 Scatchard, Q. Chem. Rev. 8: 821. 1981. 

18 Hildebrand, J.H. J. Am. Chem.Soc.,57:866. 1985; Chem. Rev. 18:815. ^ 1986; ’ Solubil¬ 
ity of Non-Electrolytes,” Second Edition, Reinhold Publishing Corporation, New York. p. 73. 1986. 
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Mi 


_ n , _ai_ 

z' RT “ 


A corresponding expression for In can be similarly deduced.* 


(56) 


COMPARISON WITH EXPERIMENT 

Equation (55) is readily susceptible to experimental test. The single 
constant, mi> remains to be determined empirically. Experimental 
activity values can, of course, be derived from data of various sorts. 
For example, the activity of the solvent equals the ratio of the partial 
pressure of the solvent over the solution to the vapor pressure of the 
pure liquid solvent, 

ax = pi Pi°, (57) 

provided that the vapor behaves as a perfect gas. The changes in the 
freezing point and the boiling point from the values for the pure solvent 
are related to the activity of the solvent by the equations 

#f = - In Oi (58) 

AH/ 

and 

* = In a„ (59) 

where AH/ and AH r are the heats of fusion and vaporization and T/ and 
Tb are the absolute temperatures of the freezing and boiling points of the 
pure solvent. The osmotic pressure is likewise related to the activity 
of the solvent by the equation 

T> rp 

n = - ^ In ai . (60) 

^ i 

The best data for our purpose are probably those which have been 
collected by Meyer and his coworkers in Geneva. Typical data of 
theirs and some from other sources are shown graphically in figures 
5 to 16 19 . 

*The constants {JLi and ^2 are related by the equation V ayt-i « ViEXj. 

13 At the Atlantic City American Chemical Society Meeting, various graphs were shown in which 
In ai —In .Vi* was plotted against N j*. Smte the theory predicts a rectilinear relation, when so plotted, 
provided y.i is Eero, this method vhows well the general agreement between theory and experiment, as 
well as the magnitude tand relative unimportance at small N>* values of the |Xi iNs**) 2 term. On the 
other hand, minor deviations at small *alues do not show up web, also tne theoretical and actual 
lar*?e deviations from Raoult's law are not plainly indicated. For these reasons the experimental data 
and theoretical curves are represented here m a ditferent manner, as detailed above. 



HUGGINS: SOLUTIONS OF LONG-CHAIN COMPOUNDS 


IT 



Figube 5. 


Figubes 5 to 16. Activity versus mole fraction for certain binary solutions. The straight line repre¬ 
sents Raoult’s law (a i « N i). The equations for the other curves are: 

I. «i - exp [in N, + (N s »)=] 

II. a. - exp [in Ni* + (l - 

III. a, - exp [in N t * + (l - |i) N a * + (Nx*)*] 

IV. ai - exp [in Ni* + (l - NV + mi (NV) 3 ] 

The systems are listed, with the pertinent constants, in table 1. 


The straight lines in these figures represent Raoult’s law. For pur¬ 
poses of comparison, the scales were so chosen as to make the slopes of 
these lines uniformly 45°, except in two cases (figures 5 and 6), for 
which such a choice would make the experimental activities lie practi¬ 
cally on the axis of ordinates. Curve I, in each case, represents the 
activity of the solvent if the solution were regular, assuming equation 
(53) and using a value of a estimated from the experimental data. 
Curves II and III represent activities calculated with the aid of equation 
(55), setting m =0 and mi=« i R respectively. Curves IV are similarly 
obtained, except that an_empirical value of nu derived from graphs of 


In ai— In Xi* + ^1 — X 2 * vs. (X 2 *) 2 (.figures 17 to 19), is used in 


each case. 


The constants for these curves are listed in table 1. 
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so Eijkman, J. F. Chem. Weekblad. 1: 47. 1003. 

Brttnsted, J. N., ft Colmant, P. Z. physik. Chem. A 168: 381. 1034. 
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The molal volume ratio, V 2 Yi, has been computed from estimated 
values for the pure liquids. In some instances these are doubtless in¬ 
accurate, but this inaccuracy matters little for our present purpose, 
since the volume ratio occurs only in a small, relatively unimportant 
term. The value of n i obtained empirically, however, is considerably 
influenced by an error in the volume ratio. 



It is evident from the figures that the agreement with equation (55) 
is quite good, whether the volume ratio is small or very large. The 
empirical constant, mi* which must be used in most cases to obtain close 
agreement when is not small, approximately takes care of the heat 
of mixing effect, the difference between the entropy of mixing for in¬ 
finite coordination number and that for a small effective average co¬ 
ordination number, and any deviations from the “complete” randomness 
assumed in the theoretical treatment. These deviations from complete 
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randomness must be quite large when the heat of mixing positive o.* 
negative) is large. As more data become available, we can hope to >trAy 
these factors more quantitatively.* 

Deviations from complete randomness must also be large, at room 
temperature or lower, in pure liquid paraffins and such of their deriva¬ 
tives as consist primarily of ^ — CH 2 — ) H chains, and also in their coneen- 



Figube 10. 


trated solutions—especially solutions with other paraffins—as a result 
of the known tendency of such molecules to align themselves with their 
chain axes more or less straight and parallel to each other, within small 
regions. With most of the molecules so oriented, one would expect from 
theoretical considerations, as Hildebrand 22 has shown, that Raoult’s 

* Professor Scatchard has kindly pointed out that the differences between «i *RT and the experimen¬ 
tal values of jJLi may be due in part to volume changes on mixing. Cf Scatchard, G. Trans. Faraday 
Soc. 33: 160. 1037. 

22 Hildebrand, J. H. Jour. Amer. Chem. Soc. 59: 704. 1937; Jour. Phys Chem.43:109. 1939. 
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law would be closely approximated, provided the heat of mixing is 
negligible. This expectation has been verified experimentally by 
Hildebrand and Sweny 28 for solutions of hexadecane and hexane at 25° 
C. On the contrary, Meyer 5 has reported that (unpublished) data 
obtained by Boissonas on solutions of octadecane and hexane show large 



deviations between the experimental entropies of mixing and the ideal 
values. Perhaps this system was studied at a higher temperature. The 
higher the temperature the less alignment of the chains would be ex¬ 
pected. On the other hand, Hildebrand and Sweny’s data agree with 
equation (55) just as well as with Raoult’s law, if we set m = 0.20 (figure 
20 ). 


23 Hildebrand, J. H., & Sweny, J. W. Jour. Phys. Chem. 43: 297. 1939. 
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DISCUSSION 

In view of the agreement obtained with expeiiment, we can proceed 
with confidence to apply our theoretical equations to various thermo¬ 
dynamic properties of solutions. If the solutions of interest are dilute 
(N.J* small), we can write 



and so, substituting in equation (55), 



Inserting this result into equation (60), we deduce 
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n RT . RT(\ 

RT<h , RTclJ 1 \ 

= 3ir + 3rv2-^ 


Xr, 


03f, 


03h 


in 'which d and hi represent density and molecular weight, lespeethely. 
As the volume fraction, X 2 '. and the weight fi action, TT», are approxi¬ 
mately related, at low concentrations, by the equation 


xr 



'64 


a, 



we may write 

n RTdi Hr")* 

W.~ AT. + 


( 66 ) 
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Hence, if n TT 2 is plotted against TT 2 . the experimental points should 
fall on a straight line, provided the solution is sufficiently dilute. For 
a given solvent, the intercept of this straight line with the axis of or¬ 
dinates ( TTo = 0) should be inversely proportional to the molecular weight 
of the solute; its slope should depend on both solvent and solute but 
should be practically the same for solutes which are chain molecules 



differing in length but otherwise similar; e. g., for polymers of different 
chain length. These relationships have been known empirically for 
some time. 24 

Corresponding relations can, of course, be similarly derived, using 
equations t5S> and *59), for the freezing point depression and the boiling 
point elevation. 

24 Mark, H. "Physical Chemistry of High Polymeric Systems,’* Interscience Publishers, New 
York. p. 240. 1040. 
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Figure 16. 
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Figube 20. Deviations from Raoult's law, for n-hexadecane—n-hexane_solationa at 2 5 
by Hildebrand and Sweny. 33 The curve is for ai ■■ exp f In Ni*+ — =jr^Na* + 0,20 < 
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CONCLUSIONS 

On the basis of the new expressions for the activities derived in this 
paper, a sound theoretical treatment is now possible for the solubility of 
a long-chain compound in a liquid of low molecular weight and of such a 
liquid in a gel composed of long chains or of a flexible network (which is 
practically equivalent, as regards both entropy and heat terms, to a 
chain of very great length). A number of interesting conclusions result 
very simply from such a treatment. This important subject, however, 
warrants more detailed consideration than can be given here, hence it 
will be postponed until a later date. 

In conclusion, the miter is pleased to express his thanks for helpful 
criticism of the manuscript to Dr. S. E. Sheppard of the Kodak Research 
Laboratories and Professors J. H. Hildebrand, G. Scatehard and J. G. 
Kirkwood of the University of California, the Massachusetts Institute 
of Technology, and Cornell University, respectively. 
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INTRODUCTION TO THE CONFERENCE 
ON IMMUNOCHEMISTRY 

By Michael Heidelberger 
Fiom the College of Physicians and Surgeons , Xew York 

The Conference on Immunochemistry which I have the privilege and 
pleasure of now calling to order is the first under the auspices of the 
Section on Chemistry and Physics of the New York Academy of Sciences 
to venture so far afield from the sheltered paths of classical physics and 
chemistry. This excursion is not entirely inappropriate, for if one ex¬ 
amines into the matter more closely it becomes evident that Immuno- 
ehemistrv has made its great advances in recent years with the same 
organic chemical, physical chemical, and analytical chemical methods 
that have provided the substantial background and material for the 
other conferences which have been held. While we in Immunochemistry 
cannot always reason as rigorously as those in the more formal branches 
of physics and chemistry we are rapidly progressing in this direction and 
fundamental principles are becoming more clear. The variety and scope 
of the papers offered guarantee that this forward movement is being 
continued. 


ANTIGENS OF VACCINIA 

By Joseph E. Smadel and Theodore Shedlovsky 

From the Laboratories and the Hospital of The Rockefeller Institute 
for Medical Research , Xew York 

The virus of vaccinia is known to have a complex chemical structure. 
Protein, nucleoprotein, phospholipid, neutral fat, and carbohydrate have 
been indentified in preparations of purified elementary bodies of vaccinia 
in amounts comparable, in a general way, to those of bacteria and mam¬ 
malian cells. 1 The complexity of the virus is also indicated by observa¬ 
tions of another sort; for example, a number of different immune bodies 
are found in the sera of animals following infection with this agent. 
These antibodies include neutralizing substances, 2 antibodies against a 
heat-labile yL) and a heat-stable (S) soluble substance,® an agglutinin 
designated “X’ 1 , 4 and finally, an antibody against a nucleoprotein which 
is present in elementary bodies. 6 

The nature of the substance or substances in elementary bodies re¬ 
sponsible for inducing immunity and the development of neutr alizin g 

( 35 ) 
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antibodies in animals is not known. We shall review biiefly the im- 
mimological properties of the other antigens of vaccinia and shall discuss 
at length the relationship that exists betw een the heat-labile and heat- 
stable soluble substances. A summaiy of the woik which led to the 
recognition of the nucleopiotein exti acted fiom elementary bodies as a 
new’ antigen of vaccinia 5 will *>eive as an adequate review’ of the pre¬ 
viously recognized antigens 

About half the material in a dried, purified preparation of elemental*}’ 
bodies of vaccinia is biought into solution by treatment with X 20 
XaOH at 56° C. for 15 minutes. The undissolved portion consists of 
non-infectious ghosts of elementary bodies which have a lower density 
by ultracentrifugation studies, which stain less deeply by the silver 
technique, and which appear less brilliant by dark-field illumination than 
do active virus paitides. These particles can be separated from the 
soluble extracted material by ultracentrifugation at 30,000 r.p.m. A 
non-infectious solution obtained in this manner by alkaline exti action of 
virus is lich in a nucleoprotein that contains 14.5 per cent nitrogen and 
6 per cent nucleic acid of the thymus type. Electrophoresis studies 
show’ that the nucleoprotein constitutes about 90 per cent of the material 
in the extracts i figi’re 1 ) and that this major constituent has a mobility 



l 1. Electrophoretic pattern of alkaline extract. 

value of 6.4 X 10 - ’ cm. sec. pei volt cm. in 0.05 n (ionic strength) 
veronal buffer solution at pH 8.75. The nucleoprotein is soluble at pH 
values above S.O and is partially or completely insoluble in the pH range 
between 4.5 and 7.5. Seiological studies on the nucleoprotein have been 
carried out in solution* buffered at pH 8.6. 

Pieeipitins which react with this nucleoprotein of vaccinia have been 
demonstrated in sera of members of several species of animals following 
hypenmmunization with active viius. Fmtheimore, rabbits repeatedly 
injected with inactivated virus particles or with non-infectious alkaline 
extracts of virus also develop precipitins for the nucleoprotein antigen 
(XP). Absorption experiments of the type summarized in table 1 
clearly indicate that XP-antibodies differ from L-, S-, and X-antibodies 
of vaccinia. From the results presented in the table it is apparent that 
hyperimmune rabbit serum precipitated with solutions containing LS-, 



Demonstration or Multiple Antibodies in Vautnyl Aniislrum 



A 1 8 dilution of scrum no. 1001 used throughout precipitin tests. 
I'.J) lot no ll)l>5 diluted 1 0 used throughout agglutmutiou tests. 
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S-, and XP-antigens and that it agglutinated suspensions of elementary 
bodies. Absorption with S-antigen removed S-precipitins but left un¬ 
diminished the L- and XP-antibodies. Similarly, absorption with LS- 
antigen resulted in a loss of L- and S-antibodies but did not affect the 
XP-antibodies; the agglutinating titer of this absorbed serum was 
reduced. In a like manner, the hyperimmune serum after treatment 
with XP-antigen no longer precipitated with this substance but still 
contained L- and S-antibodies and still agglutinated the virus. Finally, 
when removal of all demonstrable precipitins was accomplished by ab¬ 
sorption with LS and XP there still remained some agglutinins for the 
virus particles. Since each of the precipitating antibodies is capable of 
aggregating elementary bodies the residual agglutinating substance left 
after removing the precipitins may be designated X-agglutinin. The 
neutralizing power of the unabsorbed hyperimmune serum, of the portion 
absorbed free of XP-antibodies, and of the portion absorbed free of all 
precipitins was essentially the same. Thus it appears that neutralizing 
antibody is distinct from XP-precipitin; earlier work 6 had indicated that 
L- and S-antibodies have little or no neutralizing capacity. Further 
evidence for considering that the nucleoprotein, in its present form at 
least, is not the substance responsible for the production of immunity, 
or of neutralizing antibody may be drawn from the experiment in which 
normal rabbits were injected with solutions of nucleoprotein. All of the 
animals failed to develop either immunity or appreciable amounts of 
neutralizing substances, although they did develop precipitins for the 
antigen and some agglutinins for the virus. 

A problem which has intrigued workers in the field of vaccinia is the 
relationship w’hich exists between the two non-infectious soluble antigens 
of vaccinia, L and S. That these two antigens are closely associated 
immunologically was recognized by Craigie and Wishart 3 several years 
ago. They observed that the absorption of dermal filtrate, which is rich 
in Lr- and S-antigens, with either L- or S-antibody removed completely 
both of the serologically active substances. Because of these findings, 
Craigie and Wishart 3 stated that f *the L and S antigens are different 
antigenic components of a complex L-S antigen rather than two indepen¬ 
dent antigens/' Under certain conditions, however, results of a different 
type have been obtained in absorption experiments; for example, removal 
of all demonstrable S-antigen without complete loss of L-antigen has 
been effected by treating dermal filtrate with S-antibody (Craigie and 
Wishart, 4 Parker 7 ), It should be emphasized that this latter observa¬ 
tion is an exception to the rule, and that such results are not regularly 
reproducible. To account for this fact, Craigie 4 assumed that under 
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certain conditions the L-S complex might be dissociated into separate 
L- and S-fractions. 

More recently, Smadel and Rivers 8 observed that heated dermal 
filtrate was capable of specifically inhibiting L-antibody. (Gentle heat¬ 
ing destroys the specific precipitability of L-antigen, but does not affect 
the serological activity of S-antigen.) Subsequently, it was found that 
other procedures, which resulted in the inactivation of L-antigen without 
apparent loss of S-antigen, likewise gave preparations which specifically 
inhibited the L-antibody. Moreover, the protein-like S-antigen was 
carefully purified by the technique of Parker and Rivers 9 and even this 
material was shown to inhibit L-antibody. At this time it was also 
found that purified S-antigen which had been heated in the presence of 
dilute alkali lost its ability to precipitate with S-antibody as well as its 
power to inhibit L-antibody, but that this degraded product was still 
capable of inhibiting S-antibody. On the basis of such serological evi¬ 
dence these authors 55 suggested that L- and S-antigens probably always 
occurred together in nature in the form of a single substance with two 
serologically active parts each of which could be degraded independently 
of the other. For the experiments of others 4 - 7 which had been in¬ 
terpreted as indicating dissociation of the complex into free L and S they 
offered a different explanation. This was based on the presence in cer¬ 
tain dermal filtrates of a hypothetical degraded form of the complex 
antigen which had a native L-portion and a degraded S-portion 8 . 

Studies on the relationship of L- and S-antigens were hampered by the 
fact that neither L- nor LS-complex had been isolated in pure form. 
Comparatively pure preparations of S-antigen had been obtained but it 
remained to be proved conclusively that the inhibitory power of this 
protein for L-antibody was dependent upon the presence of a degraded 
L-portion of LS-complex, or that free L-antigen, in a partially denatured 
state, was present as a contaminant 8 . A method for concentrating and 
partially purifying both L- and S-antigens from dermal filtrate has been 
reported by Craigie and Wishart 3 who found that these antigens could 
be precipitated at pH 4.5 and redissolved at pH 6.5. This method, with 
only minor modifications, has been successfully employed by us. The 
principal change we have made is to concentrate the filtrate ten to twenty 
times by evaporation through cellophane sausage casing before precipitat¬ 
ing the antigens by dialj^sis against buffer solution at pH 4.5. 

Electrophoretic studies in which the moving boundary apparatus of 
Tiselius was employed were made on whole concentrated dermal filtrates 
and serological titrations were carried out on the filtrates and on various 
components which were isolated from them by electrophoretic separa- 
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tion. 10 It was found that the whole dermal filtrate contained four 
electrophoreticallv distinct components which are indicated by the 
“peaks' labelled I, II, III, and IV in figure 2. The remaining peak, 
£, which appears in all the electrophoretic patterns, is due to a concentra¬ 
tion change of buffer salts and not to a component in the preparations. 
At a pH of 7.9 in a buffer of ionic strength 0.05, the fastest moving com- 



Figube i. Electrophoretic pattern of concentrated dermal filtrate having L and S titers of 1:1600. 


ponent, I, and the slowest moving component, IV, were present in the 
solution in the largest and smallest amounts, respectively. The other 
two components, II and III, generally appeared in about equal concen¬ 
trations in dermal filtrate. On heating the preparation at 70° C. for 
one-half hour t which destroys the serological precipitability of L-antigen) 
the slower of these two middle components disappeared from the electro¬ 
phoretic patterns and the concentration of the faster of these two com¬ 
ponents was increased as is shown in figure 3. Components I and IV 


II 



Figcbe S. Electrophoretic pattern of dermal filtrate after heating. 


were each isolated electrophoreticallv from concentrated filtrate and 
neither of these wns found to precipitate in the presence of anti-vaccinal 
serum. The serologically active portion of the dermal filtrate was ob¬ 
viously associated with one or both of the middle components. At¬ 
tempts to separate these components by electrophoretic means were not 
completely successful due to the fact that the electrical mobilities of the 
substances were not sufficiently different for adequate resolution. At 
this point in the investigation we w T ere greatly impressed with the fact 
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that heating destroyed the precipitability of L and cau>ed a disappear¬ 
ance of component III with an augmentation of component II. There¬ 
fore, the possibility was seriously considered that component III corres¬ 
ponded to L and component II corresponded to S and, furthermore, that 
heating transformed L to S. These ideas were subsequently abandoned. 

Fractionation of dermal filtrate by precipitation at different values of 
pH was next undertaken. 10 Components I and IV remained in solution 
at pH 4.5. The material from dermal filtrate which was insoluble at pH 
4.5 was only partially soluble at pH 6.5. Most of the residue could, 
however, be brought into solution by raising the pH to S.6. That por¬ 
tion of the filtrate which was insoluble at pH 4.5 but soluble at pH 6.5 
was shown to contain a single component on electrophoresis; the mobility 
of this substance corresponded to that of component III in whole dermal 
filtrate. The fraction of dermal filtrate insoluble at pH 4.5 and also 6.5 
but soluble at pH 8.6 was found to consist for the most part of material 
with a mobility corresponding to that of component II. Reproductions 
of electrophoretic patterns obtained with the various fractions isolated 
from concentrated dermal filtrate (figure 2) at different values of pH 
are illustrated in figure 4; the results of precipitin titrations with the 
different solutions are also summarized in this figure. 

The solution containing components I and IV was serologically inert 
when tested with anti-vaccinal sera. Component II, which was ob¬ 
tained free of component III by repeated fractionation, likewise failed 
to react with L- and S-antibodies. The electrically homogeneous frac¬ 
tion III w T as found to contain practically all of the L- and S-serological 
activity of the original dermal filtrate (figure 4i. A number of prepar¬ 
ations of component III have been studied under a variety of conditions 
by means of electrophoresis and ultracentrifugation and in each instance 
the material behaved as a homogeneous substance. Since component 
III appeared to be a single molcular substance containing L- and S-activ- 
itv its immunological properties w T ere investigated further. 

Precipitin titrations with the soluble antigens of vaccinia are regularly 
made by incubating the antigen-antibody mixtures in closed tubes at 
50° C. for 18 hours. In view* of the experiments with concentrated 
filtrate described above, it seemed important to eliminate the possibility 
that component III had only L-activitv and that during incubation at 
50° C. the native material was degraded to a substance which had the 
mobility of component II and which now r for the first time w’as capable 
of precipitating with S-antibody. Serial dilutions of pure component 
III were set up with optimal amounts of L- and of S-antibodies and one 
pair of each of four such sets of titrations w T as incubated at 3°, 20°, 37°, 



42 


AXXALS XEW YORK ACADEMY OF SCIEXCES 


and 50° C. In each set of titrations the precipitin endpoint in the pres¬ 
ence of S-antibodv was identical with that observed in the presence of 
L-antibody. The^e findings clearly indicated that component III in its 
native state contained both L- and S-reacting portions. 

Absorption experiments in which pure solutions of component III 
were treated with L-antisera showed that removal of all L-reacting mate¬ 
rial simultaneously removed all S-reacting material. Similarly, ab¬ 
sorption with S-antibody eliminated L- as well as S-precipitinogen. The 


I 



m 



titers S 1:1600 1.128 

Figure 4. Electrophoretic patterns of fractions from dermal filtrate. 


results of a typical absorption experiment are summarized in table 2; 
they demonstrate that the two serologically distinct parts of the molecule 
are inseparable in their native state. This single substance possessing 
both L- and S-reactive parts will henceforth be called LS-antigen. 

Since pure LS-antigen was now available it seemed desirable to deter¬ 
mine whether the previously recognized degraded forms of L- and S- 
reacting material could be obtained by appropriate treatment of electro- 
phoretically and ultracentrifugally homogeneous LS. This was done as 
follows. An unbuffered solution of LS that had a titer of 1:1600 with 
L- and with S-antibody was divided into two portions, one of which, A, 
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was heated at 70° C. for one-half hour, and another, B, was treated with 
sufficient XaOH to bring the concentration to X 20 and then heated at 
56° C. for one and one-half hours, after which the pH was adjusted to 
7.0. Solution A no longer precipitated with L-antibodv but still had a 
titer of 1:1600 with S-antibody. Solution B precipitated with neither 
L- nor S-antibody. Inhibitory power of these preparations w T as in¬ 
vestigated by adding varying amounts of >olution A to constant quanti¬ 
ties of L-antiserum, and of solution B to S-antiserum. After incubation 
at 50° C. for one-half hour the mixtures were tested in the usual w T ay for 
precipitating antibodies. Some of the data obtained in this experiment 
are summarized in table 3. It is apparent from these results that vari¬ 
ous levels of degradation of LS can be obtained, leaving either the L- or 
S-part of the molecule in a stage where it can combine with the corres¬ 
ponding antibody without precipitation. Since LS has been employed 
to represent the molecule in its native state it will be convenient to use 
the symbols L'S for the heat-altered antigen and L"S' for the substance 
obtained after heating in the presence of alkali. In figure 5 the 


Serological activities of LS-antigen 
and some of its degradation products 

Heated Heated 


vith 

alkali 




Ncti\e 



Precipitates with 
both L- and S-anti¬ 
bodies 



No precipitation with 
L- antibody 
Inhibits L-antibody 
Precipitates with 
5- antibody 


No reaction with 
L-antibody 
No precipitation 
with S-antibody 
Inhibits 5-antibody 


Digested 

with 

chymotrypsin 


Precipitates with 
L-antibody 
No reaction with 
S-antibody 


Figure 5. 


serological activities of LS-antigen and of some of its degradation prod¬ 
ucts are summarized. 

Electrophoretic studies on solutions of L'S and L'S' show that both 
substances are electrically homogeneous but have mobilities wiiich differ 
from each other and from that of LS, Thus, in 0.05/x veronal buffer 
solution. pH 7.9, LS has a mobility of 4.0 X 10~ 5 cm. sec. per volt cm., 
while L'S prepared from the same lot of antigen has a mobility of 
5.9 X 10~ 5 . This fact is of particular interest for it clarifies an earlier 
perplexing observation. It is now T apparent that L'S and serologically 
inert component II from dermal filtrate have nearly identical mobilities. 
L'S' examined electrophoretically under similar conditions has a mobility 
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of 6.4 X 10- 5 cm.'sec. per volt cm. The mobility of this degradation 
product is close to that of component I in dermal filtrate; the two are not 
identical, however, for the latter fails to inhibit S-antibody. 

Table 3 

Inhibition of L- and S- Antibodies by Degraded Form of LS- Antigen 


f 

solution 0 i 

Ratio of 
— 

Tebt 

anti¬ 

serum 

Test antigen 

i 


solution to 
antiserum 

1:8 1:16 ‘ 1:32 

1 ; 

1:64 11:128 

None 


i 

L 

i 

H—1—l—t" ri—1—i—l"i”i—i—i—1” 

-r-T+ +-T 



S 

+ + -■- + ' + + + + '-r + + + | 

+ d-+ +- 

LS heated 

1:1 

i L 

-r — — 

1 _ 

l 

i 

LS heated 

1:1 

L 

+ i- [i-T-rd- -r-r- 1 - 

1 

, "t-t- 

with alkali 

0.5:1 

S 


l 

l 


Recently, another degradation product of LS has been obtained 11 . 
This substance, prepared by digesting pure LS-antigen with crystalline 
chymotrypsin under proper conditions, precipitates with L-antibody but 
not with S-antibody; furthermore, it does not inhibit the latter. This 
material has been designated LS" (see figure 5). It represents the 
degradation form of LS which was postulated on theoretical grounds in 
earlier reports* 10 to account for certain experiments in which dermal 
filtrate treated with S-antibody was freed of all S-precipitinogen but 
still contained demonstrable L-preeipitinogen. 

Physical and chemical properties of LS ami some of its degradation 
products have been determined and will be reported in detail in the near 
future. 12 It may be briefly stated here that LS is characterized as 
follows: density = 1.39, specific volume = 0.72, diffusion constant = 
1.5 X 10~ 7 , sedimentation constant = 4.3 s (Svedberg units), all at 
4° C.; the electrophoretieally determined isoelectric point is pH 4.8. 
Chemical analyses show’ 15.7 per cent nitrogen but no lipid, nucleic acid, 
phosphorus nor glucosamine. The LS-antigen appeal's to be an elon¬ 
gated protein molecule with a molecular w’eight of about 240,000 and 
with an axis ratio of approximately 30:1. 

CONCLUSIONS 

The virus of vaccinia has a complex structure since at least five anti¬ 
bodies develop in animals following infection or hyperimmunization with 
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active elementary bodies, viz., a neutralizing antibody, an agglutinin 
designated X, antibody against a nucleoprotein constituent fXP) of the 
virus, and, finally, antibodies against a heat-labile (L) and heat-stable 
(S> soluble antigen. L- and S-antigens, although immunologically 
distinct, are not separate substances; they are component parts of a 
single substance, LS. 

The LS-antigen of vaccinia provides a clear example of a single mole¬ 
cule which is capable of eliciting two distinct antibodies. It is theo¬ 
retically possible that a third antibody, which is capable of reacting with 
both the L- and S-parts of the molecule, may also be elicited. However, 
the methods employed would not permit the identification of such an 
antibody. 

Two levels of degradation of both the L- and of the S-parts of the 
LS-molecule have been demonstrated. In the first stage the property 
of precipitating with the corresponding antibody disappears but the 
power of inhibiting this antibody remains; in the next stage, serological 
activity is not demonstrable. It has thus been possible to prepare mate¬ 
rials from LS-antigen which precipitate only with L- or only with S- 
antibodv. 

REFERENCES 

* a Hughes, T, P., Parker, E. F., & Elvers, T. M. Jour. Exp. Med. 62: 349. 1933. (b) 

McFarlane, A. S„ MacFarlane, M. G., Amies, C. R., & Eagles, G. H. Brit. Jour. Exp. Path. 20: 
4b5. 1939. tc Sxnadel, J. E., Lavin, G. I., & Dubos, B. J. Jour. Exp. Med. 71: 373. 1940. 
<d) Hoagland, C. L., Smadel, J. E., & Elvers, T. M. Jour. Evp. Med. 71: 737. 1940. 

- Sternberg, G. M. Cent. Bakt. I Abt. Ong. 19: 857. 1896. 

J Craigie, J., & Wishart, F. O. Jour. Exp. Med. 64: bl9. 1936. 

4 Craigie, J., & Wishart, F. O. Tour. Butt. 35: 25. 193b. Abstract. 

3 Smadel, J. E., Hoagland, C. L., & Rivers, T. M. Arch. Path. 1942, in press. 

0 Parker, R. F., & Rivers, T. M. Jour. Exp. Med. 83: 69. 1936. (b) SaJaman, M. H. 

Brit. Jour. Exp. Path. IS: 245. 1937. 

7 Parker, B. F., Jour. Exp Med. 67: 361. 1938. 

s Smadel, J. E., £ Bi.ers, T. M. Jour. Eip. Med. 75; 151. 1942. 

3 Parker, B. F., & Rivers, T. M. Jour. Exp. Med. 65: 243. 1937. 

io Shedlovsky, T., & Smadel, J. E. Jour. Exp. Med. 75: 165. 1942. 

14 Smadel, J. Hoagland, C. L., & Shedlovsky, T. Jour. Bact. 43 : 96. 1942. Abstract 

12 Shedlovsky, T., Smadel, 3. E., Rothen, A., & Hoagland, C. L. To be published. 



PURIFICATION AND PROPERTIES OF THE 
PROTEIN OF THE f 'M SUBSTANCE 5 ’ OF GROUP A 
HEMOLYTIC STREPTOCOCCUS* 

By Charles A. Zittle and Stuart Mudd 
From the University of Pennsylvania. Philadelphia. 

The M substance characterizes each of the various types of virulent 
Group A hemolytic streptococci, as is shown by specific precipitation of 
extracts of the M substance with appropriate antisera. 1 The typing 
obtained by the use of the M substance agreed with that previously ob¬ 
tained for the same strains by protection tests. More recent studies 2 
also have identified the M substance with the substance in intact strepto¬ 
cocci which stimulates the production of protective antibodies in animals. 
The active material isolated from the neutralized X 20 HC1 extracts 
used for typing of the streptococci has been designated the M substance 
by Lancefield, 3 who also showed that its reactivity with antisera is 
rapidly destroyed by proteolytic enzymes. Although the type-specific 
substance thus was shown to be a protein, it did not give rise to anti¬ 
bodies wrhen injected into rabbits. Stamp and Hendry 4 modified the 
isolation procedure, principally by using a milder extraction temperature, 
and obtained a fraction which induced active immunity in mice. Heidel- 
berger and Kendall, 5 by extracting ground streptococci with increasingly 
alkaline solutions, isolated a fraction winch produced type-specific pre- 
cipitins when injected into rabbits. Then preparations contained phos¬ 
phorus. Mudd and collaborators have used sonic treatment of the 
streptococci and neutral extraction to obtain a fraction with type- 
specific properties. In a recent paper 6 summarizing these studies it 
was concluded that two serologically active components were present 
and that the predominant component was a nueleoprotein of broad re¬ 
activity and the other w T as a type-specific material probably related to 
the M substance or the T substance recently described by Lancefield. 7 
In the studies of Hirst and Lancefield 2 a substance was isolated by a 
modification of the original method of Lancefield which induced active 
immunity in mice and which in rabbits gave rise to precipitins and to 
protective antibodies passively transferable to mice. Considerable 
nucleic acid was present in their preparations in addition to protein. At 
the same time studies done in our laboratory 51 had shown that about a 
third of the material extracted at 56° C. with N 20 HC1 was nucleic 

* The expenses o! this work have been largely defrayed by a grant from The Commonwealth Fund. 

(47) 
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acid. Our studies had also confirmed the extremely rapid inactivation 
produced by pi’oteolytic enzymes and had shown that the M substance 
could no longer be precipitated with dilute acid from enzyme-treated 
solutions. We had shown further that the nucleic acid present is of the 
ribose and although the enzyme, ribonuclease, altered the acid- 
precipitability of the M substance it had no effect on its serological re¬ 
activity. It was concluded, therefore, that the nucleic acid did not 
contribute to the serological specificity of the M substance and that the 
active component was a protein. 

In the present studies the relation of the protein and nucleic acid in 
the M substance has been investigated further. This work has culmin¬ 
ated in the separation and purification of the type-specific protein. The 
course of this investigation and some of the properties of the type-specific 
protein are described. These studies were done with strains a 1048 and 
1685 of virulent Group A hemolytic streptococci. 

ISOLATION AND YIELD OF THE M SUBSTANCE b 

Details of the isolation procedure used have been described. 3 A 
summary is given in table 1. The amounts of the acid- and alcohol- 
precipitated fractions obtained have been about equal; the total of both 
fractions isolated has been 4.6 ±1.3 (S. D.) per cent of the dry weight of 
the organisms extracted. 0 The first extracts are in most cases a golden 
yellow color; this is probably riboflavin as most of the color can be dis¬ 
charged with sodium hyposulfite. The point at which extraction is 
complete is strikingly demonstrated by the lack of clarity of the super- 
nate obtained after centrifuging. While the M substance is being ex¬ 
tracted from the organisms the supernates are clear; where extraction is 
complete even prolonged centrifuging does not give a clear supernate and 
the organisms do not pack as well. The small amount of material some¬ 
times obtained in these turbid extracts is non-specific in its precipitation 
with antisera. 

The acid-precipitated fraction, on the basis of phosphorus content 


• ln reports * ere designated Types 0 and 1 respectively and had so been typed 

in Dr. F.Griffith’s laboratory.'* Recent studies by Dr. Rebecca C. Lancefield and Dr. Alice C. Evans 
with strain 1048 have show n that it is not Type 6. There is no question of the virulence and the group 
classification of this strain but at present its type has not been definitely assigned. Reference to dry 
cultures prepared * hen the strain * as received in this laboratory have lea to the same conclusion. Dr. 
Lancefield has assigned the 10S3 strain to Type 3. Dr. Griffith m reporting the type of this strain com¬ 
mented that in addition to colonies of Type 1, colonies were obtained which reacted with both Type 1 
and S antisera. He had not yet decided whether the reaction with Type 3 antiserum was a group re¬ 
action. This does not entirely explain Dr. Lancefield^ finding but it may be that in this strain both 
Type 1 and 3 antigens are present as Lancefieldhas found for strain C£0S although perhaps to a 
different or variable degree. 

b The term, M substance, is retained for the material obtained from neutralized and dialyzed HC1- 
extrocts by precipitation with acid, for historical reasons and also because to some degree it does repre¬ 
sent a definite compound of protein and nucleic acid in salt-like union. The purified, active, protein 
component of the M substance is designated the M-protein. 
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Table 1 

Isolation of the Type-Specific M Substance from the 
Group A Hemolytic Streptococci 


Undried, whole streptococci 1 
Approximately 2.0% (dry ' 
weight \ suspension in 
X 20 HC1 containing 
2% XaCl; 16 hrs. at 1 
56° C. 


Centrifuge 


Extract 

Neutralize and dialyze 

Precipitate at pH 
3-4 with X HC1 


Residue 2 


Precipitate: 

M Substance 


Dry with alco¬ 
hol and ether. 

Phosphorus 
content: 3-4% 


Supernate 


Precipitate with 
equal volume of 
95% ethyl alcohol. 


Precipitate 

Dry with alcohol and ether. 
Phosphorus content: 5-6 % 4 


Supernate 

discarded 1 


1 The organisms were grown 18 hours by a routine procedure which yielded about 0.2 gm. of dried 
streptococci per liter of culture medium. Recently, under the direction of A. M. Poppenheimer, Jr., 
the cultures have been kept neutral by the addition of NaOH during growth and yields of more than 
1.0 gm. per liter obtained. Bemheimer, A. W. ; & Pappenheimer, A. M., Jr. Jour. Bact. In 
press. The yield of the M substance per unit weight of dry bacteria has been about the same from 
organisms grown in this manner as from those grown b> the previous method. 

- The Group A specific polysaccharide has been regularly isolated by us from this dried residue bj 
Fuller's hot formamide method. The yields of polysaccharide hate been about the same as with in¬ 
tact streptococci. 

3 a Negligible amounts of material remain in this supernate. InLancefield's original method for pre¬ 
paring extracts of streptococci, the Group A specific polysaccharide was isolated^frum this supernate. 
Her extractions, however, were made in a boiling water bath. Our extracts at 56 yielded only minute 
amounts of the group-specific polysaccharide. 

4 This fraction also contains M-protein. The ratio of protein to nucleic at id is about the re\ erse of 
that in the M substance. t This is fractionated further with acid and alcohol into 3-4 per cent and o-d 
per cent phosphorus fractions. The former is essentially M substance and is added to it; the latter 
which is largely ribose nucleic acid, will be purified by methods suitable for nucleic acid. Considerable 
of this nucleic acid will dialyze through cellophane and some must hate been lost in the preparatory 
dialysis. 
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(3-4 per cent), is about two-thirds protein and one-third nucleic acid, 
whereas in the alcohol-precipitated fraction (5-6 per cent phosphorus) 
this proportion is reversed. On this basis about 2.5 per cent of protein 
has been obtained from the streptococcus. Some part of this is not the 
M-protein as judged by the appearance of variable amounts of insoluble 
material in the purification. However, it appears that this strain of the 
streptococcus contains about 2 per cent of the M-protein. 

Although reprecipitation of a particular preparation of the M sub¬ 
stance with acid at the point of optimum flocculation gave phosphorus 
values close to the original, precipitation of the same lot at two different 
pH values gave different phosphorus contents, with less at the higher 
pH. These results suggested that a considerable amount of the nucleic 
acid was free and not firmly bound to the protein. d This was confirmed 
by the electrophoretic data to be discussed later. 

SEPARATION OF THE M-PROTEIN 

The protein is precipitated from solutions of the M substance by half 
saturation with ammonium sulfate made neutral with ammonium hy¬ 
droxide. After being chilled, the precipitate is removed by centrifuging, 
and is dissolved in a small amount of water and dialyzed against 3 to 6 
successive 2 liter portions of distilled water in the refrigerator for 24 to 
48 hours. Some of the protein precipitates during the dialysis. Pre¬ 
cipitation is completed by the careful addition of N/10 HC1. When the 
nucleic acid content has been reduced to about 1.0 per cent, maximum 
precipitation occurs at pH 5.0. With larger amounts of nucleic acid, 
the pH for maximum precipitation is at lower values. In routine prac¬ 
tice one volume of 95 per cent ethyl alcohol is added before adjustment 
of the pH, since in this case the point of maximum precipitation is much 
more striking. 

The supemate from the ammonium sulfate precipitate is dialyzed and 
then precipitated by the addition of several volumes of 95 per cent ethyl 
alcohol and adjustment of the pH. This fraction, designated “nucleic 
acid” in table 2, still contains some M-protein. 

The data obtained in numerous experiments with ammonium sulfate 

* When the extractions were performed with the stirring produced by convection currents obtained 
by partly immersing the vessel used in the 5<r bath, 2 to 3 extractions were required to obtain all of the 
M substance. By the use of thorough mechanical stirring ail of the M substance can be obtained in 
one 16-hour extraction period; in many cases, one 6-hour extraction has been sufficient. 

d Although the nucleic acid appears to be free, on the basis of chemical fractionation and electro¬ 
phoresis, polar forces no doubt exist between the protein and nucleic acid and precipitates of the two 
represent a salt-like combination. The term, protein nucleate, will be used to describe such combina¬ 
tions. It will be seen that the M substance can be regarded as a protein nucleate. The term nucleo- 
protein is used to designate compounds of nucleic acid and protein with non-polar bonds such that 
electrophoresis and chemical fractionation will not separate them. The plant viruses are nucleo- 
proteins in this sense. 
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are given in table 2. A complete separation of protein and nucleic acid 
is not obtained in one precipitation. In successive precipitations the 
nucleic acid content of the protein fraction is reduced about 60 per cent 
each time. The small amount of nucleic acid remaining after the third 
precipitation does not represent a minimum. Further precipitations 
were not done because the preparations were satisfactory for the other 


Table 2 

Summary of Procedure for Separating M-protein and Nucleic Acid 
by Precipitating with Ammonium Sulfate; Distribution 
and Analytical Data for Various Fractions 


Procedure 

Fraction 
(characteristic) 


Recovery 

Phosphorus 

content, 

% 

% original 1 

1. Combined original acid 
precipitated preparations. 



100 

3-4 

2. Solution and reprecipita¬ 
tion with acid and alco¬ 
hol. 

Insoluble 2 

5 

5 

— 

Protein 

65 

65* 

i 

3.0 

Nucleic acid 

20 

20 

6.5 

3. Solution and precipitation 1 
of protein fraction of 2 
with ammonium sulfate; 
recovery of precipitate 
and supernate. 

Insoluble 2 

l 

i 4 

1 

1 2.5 

— 

Protein 

1 40 

26 * 

1.0 

Nucleic acid 

40 

26 

4.5 

4. Repetition of 3 with pro¬ 
tein fraction of 3. 

Insoluble 2 * 

4 

1 

— 

Protein 

70 

* 

00 

0.3 


Nucleic acid 

15 

i 

4 

1.8 

5. Repetition of 3 with pro¬ 
tein fraction of 4. 

t 

Protein 

85 

15 

0.15 

Nucleic acid 

10 

2 

1.0 

! 


1 The figures marked * in this column represent the portions that are reprecipitated. Addition of 
the other parts gives the amount recovered—75.5 per cent. The amount unaccounted for is largely 
nucleic acid lost by dialysis. In a number of cases, the original acid-precipitated preparations were 
combined* ground in a mortar for easier solution* and step S—ammonium sulfate precipitation—was 
carried out at once. In this case, recoveries had been even lower Jn a summary of averaged data. 09 
per cent)., Analysis of the data showed the loss was in the high-phosphorus fraction corresponding to 
the "nucleic acid of step 2, for which dialysis was not used. The dialyzability of the nucleic acid was 
shown by comparative data for weight recovery and phosphorus recovery. In every case, the latter 
was smaller, in several instances 60 per cent as compared to 80 per cent. 

- The appearance of insoluble material with successive drying and solution should not, be regarded 
as evidence of alteration of the M-protein due to drying with alcohol and ether,, since in numerous 
fractionations no insoluble material appeared after the solution of the combined original preparations. 
Some of our best preparations have withstood frequent drying with alcohol and ether withoutobvipua 
changes in solubility. In fact, our experience suggested that any preparation which would not dissolve 
after such drying to give a 1-3 per cent solution in N/10 salt at neutrality was not pure. Another 
characteristic of a pure preparation is lack of color. This will be discussed later. 

3 The nucleic acid content can be obtained by multiplying these values by 10.5. It had previously 

been shown 8 that the phosphorus represents nucleic acid. 
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work to be described. The final yield of M-protein after repeated pre¬ 
cipitations is 15 per cent of the starting material. This yield is increased 
when the M-protein in the k ‘nucleic acid’' fractions is recovered by simi¬ 
lar repeated precipitation. 

Preparations of the M-protein obtained by this procedure contained 
14.4 per cent nitrogen after drying in the vacuum oven at 50° C. Xo 
correction was made for the ash content which probably was small be¬ 
cause prolonged dialysis was used. Several preparations were homo¬ 
geneous by electrophoresis and one preparation studied was homo¬ 
geneous by sedimentation and diffusion. 

OTHER METHODS TRIED FOR THE SEPARATION OF 
PROTEIN AND NUCLEIC ACID 

Precipitation of the nucleic acid in the M substance with barium was 
tried with no success. A small amount of precipitate was obtained but 
subsequent isolation of the protein revealed it still contained considerable 
nucleic acid. 

Another method tried for the separation of the protein and nucleic 
acid was precipitation with glacial acetic acid. It was hoped this would 
be successful with the high nucleic acid-fractions. High and low nucleic 
acid-fractions were obtained by this means but the separation of protein 
and nucleic acid was inefficient. 

Ammonium sulfate precipitation at neutrality was used with the 
nucleic acid, alcohol-precipitated fractions (see table 1) but was not 
practical because of the large loss of nucleic acid during dialysis. In 
several experiments only 50 per cent of the starting material was re¬ 
covered. In parallel experiments with yeast, more than 80 per cent of 
nucleic acid was recovered. This suggests that the molecular weight of 
the nucleic acid in the streptococcal extracts was considerably less than 
the 17,000 estimated by Loring 11 for yeast nucleic acid. It seems un¬ 
likely that the streptococcal nucleic acid was homogeneous in size be¬ 
cause smaller amounts w T ere lost with successive dialysis of this material. 

The nucleic acid content of the M substance could be reduced by 
wanning the latter with X 100 XaOH, followed by neutralization, 
dialysis and recovers" of the protein. This method was not used ex¬ 
tensively because considerable loss of protein occurred. 

INCREASE IN SOLUBILITY OF THE M-PROTEIN 
AT ELEVATED TEMPERATURE 

In working with an aqueous, 0.2 per cent solution of the M-protein it 
was observed that the flocculent precipitate obtained at pH 5.2 at room 
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temperature could be dissolved by warming at 5G C C. On cooling this 
solution, the M-protein reprecipitated. Subsequently, it was found that 
neutral solutions of appropriate concentration would show this phenome¬ 
non also, z.e., the solubility of the protein, either hoelectric or as a salt, 
was considerably enhanced by an increase in temperature. When warm 
saturated solutions of the M-protein were cooled the appearance of the 
precipitate differed markedly from that obtained by isoelectric or salt 
precipitation. The precipitate was apparently granular although it did 
not settle rapidly. Examination of this material in the dark field showed 
the presence of small spherical particles about 5 microns in diameter. 
When crushed they were seen to be solid but apparently soft. This may 
represent a stage of crystallization. However, repeated precipitation 
by this method has failed to give definite crystals. All preparations of 
the M-protein examined have behaved similarly. 

ELECTROPHORETIC EXPERIMENTS 

This part of the work has been carried out in collaboration with Dr. 
Florence Seibert of the Henry Phipps Institute. 12 The apparatus and 
technic developed by Tiselius 13 were used. Data obtained with the M 
substance are given in table 3. In four of six preparations examined 



Fig the 1. Mobility of the M-protein in acetate (pH S.7 and 4.5 , and phosphate pH 0.0. 7.0 and 
b.U; buffers, n 0.1. The mobility t,u is in terms of cm.- volt" 1 sec." 1 . 
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only the two components mentioned were observed; in the other two a 
small am ount of a third component with a mobility of —6.0 at pH 6 
appeared. In several experiments the components described in the 
table were isolated. The results obtained with the preparation contain¬ 
ing 2.3 per cent phosphorus shown first in the table are typical. The 
material isolated from the cell to which the fast component had migrated 
contained 7.7 per cent phosphorus. Thus, the fast component was 
identified with the nucleic acid. The material from the cell containing 
the slow component contained 1.1 per cent phosphorus and reacted 
type-specifically with homologous antisera. Subsequent work showed 
that the nucleic acid contained in the material in this cell was due to in¬ 
complete separation. Curves showing the mobility of the purified 
M-protein at various pH values are presented in figure 1 . The open 
circles represent preparations of the strain 1048 M-protein and the solid 
circles preparations of the strain 1685 M-protein. No difference was ob¬ 
served between the proteins of the two types studies. Also there was 
little or no difference in the mobility of the protein when purified or when 
admixed with nucleic acid as in the M substance. 

Table 3 

Mobility op the Protein and Nucleic Acid in Preparations 
of the M Substance 


Preparation 

! 

| Phos- 
! phorus 
content 

Concen¬ 
tration, 
total, 1 

pIos- 

phorus 
buffer ! 
feO.l) | 

Mobility (u) x 10 3 cm. 2 
volt" 1 sec.- 1 * 1-4 

by 

weight 

1 

| Protein 

Nucleic 

Acid 

Standard procedure 
except precipitation 
at pH 4.7. 

1 2.3% 

1 

i 

| 0.6% 

i 

6.0 

i 

i 

' -2.3 | 

! , 

-11.4 

Standard procedure 
and reprecipitation. 5 

i 11 

j 0.5 

1 6.0 

| -2.2 * 

i ! 

-10.3 

Standard procedure 
and reprecipitation. 

' 1.1 
« 

| 0.5 

i 

8.0 

1 -3.8 

1 

1 

-14.2 

Prepared from organ¬ 
isms grown 4 hours. 

, 3.4 

J 0.25 

1 

8.0 

-3.6 

l 

j -14.3 
! 


1 Tie current for these runs was IS. 4 to 13.8 milliamperes, the potential gradient 5.85 to 7.12 volts 
cm." 1 . Part of the variation in the latter w as due to the use of cells of different cross section. 

3 The mobilities given are for the descending boundary v> hich has been shown to give the truer 
mobility, uncomplicated by ionic concentration effects. 

3 The sign designates the charge on the molecule, i.e., a negative sign indicates movement tow ard 
the positive pole. 

4 Throughout the text, mobilities are given as whole numbers; the dimensions are as indicated here. 
, a In the course of several reprecipitations, this preparation was warmed with N/10 NaOH and treated 

with ribonudease 3 which probably assisted in reducing the nucleic acid content. 











ZITTLE AND MUDD: M SUBSTANCE OF GROUP A STREP . 55 


Electrophoretic examinations were made of other streptococcal frac¬ 
tions because of their possible relation to the M-protein. Some repre¬ 
sentative observations are given in table 4. 

Another protein-nucleic acid fraction (XPA) 14 that we have examined 
is obtained by neutral extraction of streptococci disintegrated with sonic 
vibrations. 6 In some respects, it appears to be similar to the “neutral- 
extracted nucleoprotein” described by Heidelberger and Kendall. 5 The 
material prepared as described 6 contains variable amounts of nucleic 
acid. Yields of 15 to 25 per cent of the dry weight of the streptococci 
have been obtained. The mobilities of the protein when present in the 
XPA and of the protein when isolated from the XPA and purified were 
the same and the serological properties of the two were similar. The 
mobility of the XPA-protein was considerably greater than that of the 
M-protein. Serological data suggested the presence of about 1 per cent 
of type-specific substance in XPA. 6 However, no M-protein was ob¬ 
served electrophoretically in any of the XPA preparations studied. It 
was also absent from an original sonic extract examined in 1.5 per cent 
concentration. 

Some data are shown for purified streptococcal nucleic acids. e The 
mobilities of the nucleic acids are of similar magnitude to those observed 
in the mixtures of nucleic acid and protein as isolated. The values were 
somewhat lower than obtained in two experiments with yeast nucleic 
acid (—15 at pH 6.0, —19 at pH 8.0). Stenhagen and Teorell 15 have 
reported mobilities for thymus nucleic acid of —17.4 at pH 5.86 and —20 
at pH 7.90 and n 0.1. 

The mobilities obtained for the vitreous humor polysaccharide are the 
same for the two pH values at which it was studied. A similar lack of 
change in mobility with change in pH has been reported for heparin. 17 
The streptococcal capsular polysaccharide with chemical composition 
similar to the -vitreous humor polysaccharide 18,19 would be expected to 
behave similarly. Xo such component was observed in any of the 
streptococcal preparations examined. 

The group-specific polysaccharide had negligible mobility and proba¬ 
bly belongs to the group of “neutral’ 7 polysaccharides. 20 It was sepa¬ 
rated by electrophoresis from one of the nucleic acid preparations 16 and 
its identity confirmed by electrophoretic examination of material iso¬ 
lated by Fuller's formamide method 21,22 from the acid-extracted residue 
(see table 1). 


• These nucleic acids were prepared by Dr. M. G. Sevag and Mr. J. Smolena. 1 * 
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SEDIMENTATION AND DIFFUSION BEHAVIOR 
OF THE M-PROTEIN 

These experiments were performed by Dr. A. AL Pappenheimer. Jr.-" 
in the laboratory" of Physical Chemistry at the University of Wi^conrfn. 
Several sedimentation velocity experiments were performed Using a 
standard Svedberg oil-turbine centrifuge from which a sedimentation 
constant »S20 ) of 1.7 x 10~ 13 cm. sec. dyne w-as calculated. The scale 
average displacement curves obtained were still sharp at the end of these 
experiments (2.5 and 4.5 hours, at 60,000 r.p.m.) indicating that little 
diffusion had taken place and suggesting a high degree of dissymmetry 
for the sedimenting unit. No other components were observed by sedi¬ 
mentation and this homogeneity was confirmed by- diffusion. A dif¬ 
fusion constant (D 2 o) of *1-2 x 10 -T cm. 2 sec. was calculated from two 
diffusion experiments. With these constants and value of 0.77 for the 
partial specific volume, the molecular weight was calculated to be approx¬ 
imately- 41,000. The frictional coefficient ratio ( f 1Q calculated from 
these data was 2.2, which indicates an extremely- elongated molecule with 
a ratio of major to minor axis of at least 20 to 1. This large axial ratio 
was confirmed by viscosity measurements. In neutral m 10 sodium 
phosphate at 22.5° C. the relative viscosity of a 1.00 per cent solution 
was 1.35, of a 2.00 per cent solution 2.00. The reciprocals of these values 
when plotted against protein concentration fall on a straight line through 
the origin. Treffers 24 recently- showed the validity of this relation for 
numerous proteins. The axial ratio calculated from the viscosity- data 
with Poison’s 25 empirical equation relating viscosity- and axial ratio was 
of the same magnitude as that given above. 

SEROLOGICAL PROPERTIES OF THE 
PURIFIED M-PROTEIN 

The chemical work described in the previous sections was done with 
material isolated from tw-o strains of streptococci, representing two 
different ty-pes: strain 1048, and strain 1685. Larger amounts of mate¬ 
rial w-ere available from strain 1048 because of the better growth of this 
strain. In many- cases preliminary- work w as done with the AI prepara¬ 
tions of this strain but in all of the chemical work parallel experiments 
w-ere eventually- done with material from the 16S5 strain, and in no case 
was anv significant difference observed. 

In the precipitin test the 1685 Al-protein gives considerable cross-re- 
action with 1048 streptococcal antisera. The Al-proteins used in these 
tests were homogeneous by- electrophoresis. When the Al-protein is 
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treated with trypsin, the precipitation with heterologous antisera is lost 
just as rapidly as the type-specific precipitation* These observations 
are strong evidence for the reality of this cross-reaction because they show 
that contamination is unlikely and that the cross-reaction has the same 
lability to trypsin as the specific reaction. The nature of this cross¬ 
reaction was brought out by quantitative determinations of the amount 
of precipitate obtained at several dilutions. These data are presented 
graphically in figure 2. f The milligrams of N shown are the amounts 
precipitated from 1.0 milliliter of antiserum. Figure 2 curve I gives 



MGS. M-PROTEIN 

Figlre2. The precipitation of streptococcal antiserum (1.0 ml.} with homologous (I and II} and 
heterologous UII) M-protein. 

data for the precipitation of a preparation of the 1048 M substance with 
1048 antiserum and curve II precipitation of the purified 1048 M-protein 
with the same serum. The curve for the M substance is on the basis of 
its M-protein content. In curve III the precipitation of the 1685 M- 
protein with the 1048 serum is shown. All of these precipitations were 
performed with the same lot of pooled serum. The 1048 homologous 
antibodies of this serum could be completely removed by using an excess 
(1 mg. to 1 cc. of serum) of the heterologous 1685 M-protein. Neither 
the purified 1048 M-protein nor the 1048 M substance reacted with a 
group-specific antiserum* that reacted with dilutions of 1:2,000,000 of 
the purified group-specific polysaccharide. Hence both of these pre¬ 
parations must contain less than 0.1 per cent of the polysaccharide and 

1 The point of inflection of curve I was confirmed by testing the supernates from the precipitates 
with antigen and a antibody. The true point of inflection of curve XI is slightly to the left of the point 
ihown, a since a similar tests revealed a slight excess of antigen at this point. 

< This antiserum was furnished by the Lederle Laboratories. 
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the presence of this polysaccharide can not explain the slightly larger 
amount of precipitate obtained with the M substance. 

To complete the serological studies, experiments were performed in 
which preparations of the purified M-protein were used to precipitate 
streptococcal antisera that protected mice against relatively large doses 
of homologous streptococci. 11 The precipitates were removed and the 
protective power of the antisera tested again. These experiments were 
done in parallel. Dilute solutions of the 1048 M-protein ^0.2 mg. in 
1.0 ml. of 0.85 per cent NaCl was used to precipitate 1.0 ml. of anti¬ 
serum, see curve II of figure 2), were effective in removing the protec¬ 
tive antibodies from antisera. An antiserum which, in 0.5 ml. amounts, 
protected a mouse against 10 minimal lethal doses (MLD, of strepto¬ 
cocci, would no longer protect against 1 MLD. 

Similar experiments made with the 1685 M-protein were not so success¬ 
ful, although a partial absorption of the protective antibody was ob¬ 
tained. The 1685 M-protein preparation used was not highly purified 
(it still contained about 10 per cent nucleic acidj and had not been 
studied in the electrophoresis apparatus. However, it represented a 
stage in the purification of a lot that in electrophoresis was a single sub¬ 
stance and serologically it was a representative preparation, i.e., it gave 
the cross reaction described with the 1048 antiserum and typical be¬ 
havior with homologous 1685 antiserum. The preparation was type- 
specific (type 3) in its reactivity with absorbed antisera 1 . It may be that 
the rigorous treatment used in its purification, such as drying with alco¬ 
hol and ether, etc., had partially denatured it so that some reactive 
groups remained but not its full potency as an absorbing antigen. The 
passive protection experiments were essentially specific although in a few 
experiments some cross-protection was obtained between the 1685 and 
1048 strains. We have observed in active protection tests cross-protec¬ 
tion between these same strains in that life was prolonged, but survival 
was not obtained as in the homologous test. These observations are in 
line with the cross reaction observed in the precipitin reaction (see 
figure 2.). 


DISCUSSION 

The method of purification of the M-protein was designed to free it 
primarily of nucleic acid and secondarily of the small amount of other 


h These studies will be published in detail elsewhere. They are part of a program of related studi< 
being performed by Miss Maria Wiener. We are grateful for the use of the results of these studii 
at this time. * , 

1 We are very grateful to Dr. Rebecca C. Lancefield for the absorbed, type-specific antisera an 
**M extracts for precipitin tests for comparison with our own materials. Her generous cooperatie 
and interest in these studies is greatly appreciated. 
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protein which occasionally appears to be present. Preliminary tests 
have shown that the M-protein and the NPA-protein, which is the most 
likely contaminant of the former, are precipitated by about the same 
salt concentrations. Therefore, further purification by this means 
would be impossible or very difficult. Fortunately, extraction of the 
streptococci with dilute acid has considerable selectivity and only rarely 
was contamination other than nucleic acid observed in the M substance. 
The purified M-protein preparations, with one exception, have not shown 
any other definite component in electrophoresis although occasionally in 
electrophoretic observations made by the Svensson slit optical method 
the advancing limb of the concentration gradient-curve was unsym- 
metrical with respect to the other limb, suggesting the presence of small 
amounts of another component. The single exceptional preparation of 
the M-protein contained almost an equal amount of another component 
with the same mobility as the NPA-protein. In ten other M prepara¬ 
tions examined no similar large contamination had been seen. This 
does illustrate, however, the need for a specific purification method. 
The observed increase in the solubility of the M-protein at higher tem¬ 
perature and subsequent precipitation on cooling seems to offer the 
desired specificity. Work in progress has shown already that the dark 
browm color accompanying some of the preparations can be eliminated 
by this means. 

Some of the properties previously described for the M substance are of 
interest in view of the knowledge that it is a protein nucleate. 4 One of 
these interesting properties is its inability to precipitate with acids after 
a very brief treatment with proteolytic enzymes. One can conclude 
that brief digestion of the protein has produced units so small and soluble 
that nucleic acid will not precipitate them. A number of other proteins 
have been tested with nucleic acid before and after proteolytic digestion 
but in no case has a similar complete loss of precipitation been observed. 

The form in which the M-protein occurs in the streptococcus is of great 
interest. The following evidence strongly supports the conclusion that 
it is very likely in a form different from that which we have described: 
(a) Little or nothing can be extracted from the streptococci by neutral 
solvents, whereas the M-protein isolated from the acid-extracts is quite 
soluble in neutral solvents. \b) The M-protein has been clearly related 
by absorption experiments to the protective antibodies produced with 
streptococcal vaccines. However, the M-protein produces very little 
protection wffien injected into animals. The protection obtained, al¬ 
though definite, is much less than that given by streptococci containing 
an equivalent amount of M-protein. (c) The physical data obtained for 
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the M-protein which show the ratio of major to minor axis is about 20 to 1 
suggest, in the light of our knowledge of other proteins, that the protein 
as prepared may be in denatured form. If this is a denatured protein it 
has some properties usually not found in the denatured form, namely, 
its considerable solubility and also its excellent reactivity with anti¬ 
bodies, presumably to the native form of the M-protein since they were 
obtained with intact streptococci. However, it may represent a de¬ 
natured protein or a part of a larger antigenic unit. The evidence pre¬ 
sented in (a) and (b) would be compatible with the latter hypothesis. 
The appearance of nucleic acid in the acid-extracts that otherwise appear 
to be specific for the M-protein suggest a probable association of these 
two substances in the streptococcus. 

We have been impressed with the apparent specificity of dilute acid 
in the extraction of the M-protein and its concomitant nucleic acid. 
To summarize, (a) electrophoretic examination of the M substance has 
shown it to be almost exclusive^ M-protein and nucleic acid; (b) the 
total yield of M substance is about the same whether extraction is 
carried out at 56° or 37° C.; (c) negligible amounts of the group polysac¬ 
charide are found in the acid extract of whole streptococcal cells 
whereas treatment of the acid-extracted residue by Fuller's method has 
yielded the same amount of this polysaccharide that exists in intact 
streptococci; (d) the nucleic acid in these acid extracts is always of the 
ribose type. The desoxvribose type is present in the streptococci also 
and has been extracted after sonic disintegration of the cells. 

All of this suggests a specific extraction by acid of a particular part of 
the streptococci, perhaps a component of the cell-wall 26 * 27 or part of it. 
We have other evidence also for the localization of the M-protein. 
Sonic treatment makes possible solution of 15 to 25 per cent of the strep¬ 
tococci by neutral solvents but only negligible amounts of the M-pro- 
tein are present in solutions obtained by this procedure. This suggests 
that perhaps the M-protein is a part of the cell-wall which is disrupted 
but not brought into solution by this treatment. What seems to be 
direct evidence for this is obtained in electron microscope observations 
of sonically treated streptococci. 26 “Shadow” cells are seen which re¬ 
sult from the loss of considerable electron absorbing material, probably 
the cell contents, since the size and shape of the cell are retained. The 
evidence we have given suggests a localization on the cell-wall. Other 
evidence suggests it is probably only a part of the bacterial cell-wall. 
Dr. Lancefield, investigating the action of trypsin on living strepto¬ 
cocci, has observed that streptococci in cultures treated with trypsin 
remained -viable but attempts to isolate the M substance from them 



62 


ANNALS NEW YORK ACADEMY OF SCIENCES 


were unsuccessful. 23 This evidence and the studies of streptococcal vari¬ 
ants strongly suggest that the M-protein, although a part of the cell-wall, 
may be highly specialized, having a protective role against phagocytosis 5 
but not being otherwise necessary for the viability of the streptococcus. 

J Virulent strains of streptococci have been shown to be less readily ghagocyted than non-virulent 
variants of the same strain; combination of components of the bacterial surfaces with homologous 
antibodies renders the bacteria susceptible to phagocytosis. 9 
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COMPLEMENT* 

By Enrique E. Ecker and Louis Pillemer 

From the Institute of Pathology, Western Reserve University, 
and the University Hospitals, Cleveland, Ohio . 

INTRODUCTION 

Complementary activity has been studied for more than forty years 
but complement has defied all attempts at isolation. 1 Its properties are 
only partially known and its structure has not been determined. In¬ 
deed, Brocq-Rousseu and Roussel 2 recently stated that ‘ 'complementary 
power comprises all the activities of unheated serum. ,, 

Complement is usually defined as the non-specific portion of fresh 
serum which is not increased by immunization, and which when added 
to sensitized cells results in their destruction. In other words, comple¬ 
ment is still defined in terms of its function and not in terms of its constitution . 

The power of complement to hemolyze sensitized red blood corpuscles 
is only one of its many properties. Among others are: (1) the lysis of 
certain sensitized bacteria; 3 (2) the opsonization of certain bacteria; 4 
(3) the activation of thermostable immune opsonins; 5 (4) the accelera¬ 
tion or augmentation of the aggregation of certain antigens by their 
homologous antisera, whether the antigen is a bacterial suspension, 6 a 
protein in solution, 7 or a suspension of erythrocytes ; s and (5) the capac¬ 
ity to kill bacteria (bactericidal action) in the absence of bacteriotysis. 9 

It has been claimed that there is evidence showing that (6) a thermo¬ 
stable constituent of complement operates in the destruction of viruses 
by immune sera. 10 It has been postulated that (7) a toxin-antitoxin 
complex binds complement in vivo, 11 and that by this mechanism the 
toxin is neutralized. Furthermore, (8) complement has been said to be 
associated with the coagulation processes of blood, 12 * 13 but recent 
evidence appears to invalidate this contention. 14 * 15 * 16 (9) There 
seems to be a relationship between the sedimentation rate of erythrocytes 
and complementary activity, 17 i.e., a fast sedimentation rate was found 
to be related to a low complementary activity. (10) Complement has 
even been claimed to be associated with muscle contraction. 18 

It should be pointed out that complement, because of its multiple 
components, may be found to promote one of the aforementioned func¬ 
tions while failing to promote others; e.g a deficiency of one or more of 

^ * Aided by a grant from the Commonwealth Fund. Awarded an Honorable Mention in the Now 
York Academy of Sciences A. Creasy Morrison Prise Competition in natural science m 1941. 

(63) 
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the components of complement may prevent hemolysis without affecting 
phagocytosis. Therefore, any activity of complement is determined by 
the substrate upon which it operates; and it thus becomes necessary in 
defining complementary activity or titer to define also the substrate em¬ 
ployed. In this paper, unless otherwise noted, the substrate referred to 
is sheep red corpuscles sensitized with rabbit anti-sheep red cell serum. 

At various times it has been suggested that complement is a simple 
chemical agent like oleic acid, 19 a lvpolytic enzyme, 20 a proteolytic 
enzyme, 21 a catalyst, 22 a peptidase, 23 or more commonly a physico¬ 
chemical state or a collodial attribute of fresh serum. 1 These theories, 
however, do not explain the fact that complement can be separated into 
two or more functionally distinct components, each of which is essential 
for the exhibition of its activity. 

GENERAL PROPERTIES OF COMPLEMENT 

Complement deteriorates rapidly with age. It loses its activity in a 
few days at 0° C., in a few hours at room temperature, and in a few 
minutes at 56° C. Hydrogen-ion concentrations acid to a pH of 5 and 
alkaline to a pH of 9 readily inactivate complement. 24 The activity of 
complement is inhibited by both hypotonic and hypertonic salt solutions, 
and especially by divalent ions. 25 * 26 It is destroyed by shaking, 27 ultra¬ 
violet light 2S and proteolytic enzymes. 29 The optimum activity of 
complement occurs at a pH of 7.2-7.4 in physiological salt solution 
10.9 per cent NaCl). Complement may be preserved for months by 
the process of freezing, drying and storing in vacuo , so 

The narrow range of conditions under which complement is stable has 
contributed largely to the failure of earlier attempts at isolation. 

PAST KNOWLEDGE CONCERNING THE 
COMPOSITION OF COMPLEMENT 

It is known that treatment of serum with distilled water, 31 carbon 
dioxide 32 or dilute HC1 83 separates it into two thermolabile fractions 
which individually have no complementary activity; when combined, 
almost full activity is restored. The soluble fraction has been desig¬ 
nated as the “albumin fraction” or the “end-piece,” while the water- 
insoluble fraction has been termed the “globulin fraction” or the “mid- 
piece.” 

It has also been shown that yeast inactivates a relatively heat-stable 
component of complement, namely the “third component;” 34 while 
dilute ammonia destroys another fraction known as the “fourth com- 
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poiient.” 00 Claims have been made for the occurrence of other com¬ 
ponents, but definite evidence of the existence of these is lacking. 1 * 36 
A schematic diagram of the components and their properties is given in 

TA.BLE 1. 


THE ASSAY OF HEMOLYTIC COMPLEMENT 

Three methods are commonly med in the quantitative estimation of 
complement in hemolysis: 

1. The serial tube method is most widely employed. This method 
determines the smallest amount of serum necessary to cause complete 
hemolysis of a standard amount of sensitized red blood cells. The 
reciprocal of this minimum quantity is then assumed to be the comple¬ 
ment titer in unit*. 

Unles* all procedures are controlled by careful standardization of the 
concentration of erythrocytes, by accurate estimation of the potency of 
the hemolysin employed, regulation of time and temperature, elimination 
of the effect of naturally occurring antibodies, correction for possible 
experimental variations and the degree of resistance of different red 
blood cells to hemolysis, serious errors may obscure otherwise significant 
results. 

2. An alternative method which is often used measures the degree of 
hemolysis produced by a known amount of complement acting on a con¬ 
stant volume of red cells until the action is complete. This is known as 
the method of 50 per cent hemolysis. 37 * 3!> However, the same meticu¬ 
lous care mu*t be employed in this method as in the serial tube method. 

3. The observation that the complementary action of a given serum 
may be taken as a coefficient of the time required to produce complete 
hemolysis has led to the employment of another method. 39 The length 
of time needed to hemolyze a constant volume of sensitized corpuscles 
i* assumed to be inversely proportional to the titer or activity of the 
complements 

From the numerous criticisms which have been levelled at the avail¬ 
able methods of complement titration 1 it is obvious that improvements 
are desirable. The present authors have availed themselves of the ob¬ 
servation that the smallest amount of serum necessary" to initiate hemoly¬ 
sis of a standard unit of red cells may be taken as a basis of comparison. 41 
As most of the experiments detailed below involve the use of this method, 
the exact procedure employed in this laboratory is given. 

Brooks’ physiologically balanced salt solution, or in some instances 
when a buffered salt solution is undesirable, 0.9 per cent saline solution, 
is the diluent employed. This is previously boiled for one hour and 
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brought up to volume. The erythrocytes are obtaine 1 daily from 
health}^ sheep from which the blood is drawn under aseptic conditions. 
The blood of the same animal is used throughout the course of any given 
experiment. One volume of cells is washed four times in ten volumes of 
either Brooks 1 solution or 0.9 per cent saline, and standardized to about 
500,000,000 corpuscles per cc. Generally the cells are prepared just be¬ 
fore the experiment, and are kept not longer than 12 hours so that errors 
due to increased cell fragility are avoided. Five units of a rabbit anti- 
sheep hemolysin of a titer of at least 1:4000 are used to sensitize the cell 5 *. 
After mixture of cells and hemolysin, the sensitized cells are allowed to 
stand at room temperature for about 15 minutes prior to use. The final 
mixture contains 250,000,000 erythrocytes per cc. 

The blood to be tested for complementary activity is allowed to clot, 
and the clear serum immediately separated by centrifugation, care being 
taken to avoid hemolysis of the red blood cells. In no instance should 
this take over two hours from the time of bleeding. The serum is im¬ 
mediately diluted with the salt solution, 1:30 in the case of guinea pig 
serum, and 1:15 in the case of human serum; after dilution the serum is 
immediately titrated. 

A series of 15 serological test tubes (acid-cleaned and freed of the last 
traces of acid with doubly-distilled water. is set up, and the diluted com¬ 
plement is carefully added in amounts ranging from 0.01 to 0.15 cc. with 
a 0.1 cc. pipette graduated in hundredths. Halt solution is then added 
to each tube so as to make a final volume of 0.15 cc. in each tube. One 
cc. of the standardized and sensitized celh is then adtled to each tube 
with rotation of the tube. The tube* are then well shaken by hand, and 
incubation is carried out in a water bath at 37° C. for 30 minute*. The 
tubes are then centrifuged at lbOO r.p.m. for 5 minutes: and the tube 
showing the first sign of hemolysis usually a yellow-orange color, nut 
mh is taken as the initial point of hemolysis. With the normal guinea 
pig serum this i< seen at about 0.02 cc. of a 1:30 serum dilution, while in 
human serum it generally occurs at 0.02-0.03 cc. of a 1:15 serum dilution. 
A control tube, containing only one cc. of the standardized cells plus 0.15 
cc. of salt solution, should be carried through as above, *o as to avoid 
errors indicative of cell fi agility. The advantages of this method are 
obvious. Cell degradation products capable of inhibiting the function 
of complement are avoided. The use of an excess of amboceptor elimi¬ 
nates the error incurred by the natural hemolysin (anti-sheep hemolysin). 
Only a small amount of serum is needed for this test; and finally, the 
complement is allowed to operate according to its concentration. 
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By the use of this method, and avoiding all variations of procedure, 
results are obtained with an accuracy of +5 per cent. 

THE PREPARATION, SPECIFIC INACTIVATION, AND 
REACTIVATION OF THE COMPONENTS OF COMPLEMENT 

An improved method for the separation of the mid-piece and end- 
piece by the carbon dioxide method follows. By the use of this pro¬ 
cedure little or no denaturation occurs in either of these two components. 

Distilled water is saturated at room temperature with pure carbon 
dioxide gas which is allowed to bubble through the water for 30 minutes 
under slight pressure. One cc. of serum is added to 9 cc. of the carbon 
dioxide-saturated water, and carbon dioxide gas is again passed through 
the mixture for 20 minutes. Foaming produced by the bubbling of the 
gas is reduced by the addition of capryl alcohol with a wooden applicator 
stick dipped in the alcohol. Care should be taken to avoid an excess of 
alcohol because of its hemolytic quality. The globulin precipitated 
after 20 minutes saturation of the serum with carbon dioxide is rapidly 
centrifuged in an angle-centrifuge at room temperature at a speed 
of 4000 r.p.m., and resuspended three times in distilled water, after 
each time again being centrifuged as above. The euglobulin pre¬ 
cipitated in the fractionation of one cc. of serum is then redissolved in 
10 cc. of saline, and the residual carbon dioxide is taken off in vacuo. 

The end-piece, which is> present in the supernatant after the precipita¬ 
tion of the mid-piece, is made isotonic with 17 per cent NaCl solution, 
and the carbon dioxide is removed in vacuo. Both fractions are then 
tested for neutrality with brom-thymol blue. Each fraction should be 
inactive by itself, but almost fully active when combined with the other. 

Although dilute ammonia is commonly used for the specific inactiva¬ 
tion of the fourth component, it has been the practice in this laboratory 
to use hydrazine 42 instead of ammonia. It has been shown that at a 
pH of over 9 the mid-piece and the third compenent are unstable. 43 
Furthermore, it was found that hydrazine inactivates the fourth com¬ 
ponent without any ill-effects on the other components. Therefore, to 
inactivate the fourth component of complement specifically, 0.15 cc. of 
0.16 m hydrazine is added to one cc. of serum, thoroughly mixed and 
incubated in the w T ater bath at 37° C. for one hour. The pH of such a 
mixture is 7.2-7.4. After incubation it is diluted with 9 cc. of 0.9 per 
cent NaCl solutior. 

Fresh yeast, or a yeast-pow T der (zyniin), is usually employed to remove 
or inactivate the third component specifically. However, several 
workers have reported that the end-piece and the mid-piece are also 
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destroyed by yeart or zymin. 44 In this laboratory the third component 
i« usually inactivated by an insoluble carbohydrate recently isolated 
from fre^h yeast/ 5 With this agent, only the third component i& removed, 
and no inhibition due to diffusible substances occurs. The method is as 
follows: 10 to 15 mg. of the insoluble carbohydrate L boiled for 30 
minutes in 10 cc. of 0.9 per cent saline, centrifugalized, and the super¬ 
natant decanted. One cc. of serum is added to the carbohydrate sedi¬ 
ment, shaken, and incubated for two hours. The mixture is further 
shaken every 30 minutes. After the two hour incubation 9 cc. of 0.9 
per cent saline is added, the contents mixed, and then centrifugalized 
until clear. The supernatant is decanted, and contains all the fractions 
of complement with the exception of the third component. 

As to the procedure of reactivation, it is the practice here to employ 
quantities of the components or inactivated complements identical with 
the smallest amount of the untreated serum needed to cause complete 
hemolysis of the standard unit of red blood corpuscles employed. For 
reactivations the initial point method of hemolysis is not employed be¬ 
cause more concentrated serum components are needed and these in turn 
interfere with the reading of initial hemolysis. 

The inactivated complements or components are combined, incubated 
at 37° C. in the water bath for 15 minutes, and the solutions titrated for 
complementary activity. The complementary titer is compared with 
that of an equal amount of the untreated serum and this is usually ex¬ 
pressed in percentage of the original titer of the serum complement. 

NEWER KNOWLEDGE OF THE COMPONENTS 
OF COMPLEMENT 

All attempts to isolate complement or its components have hitherto 
failed/- 44 Several investigators have tried to fractionate whole com¬ 
plement and its components with neutral salts such as ammonium 
sulfate. 46 47 • 43 The results are discordant and too indefinite to char¬ 
acterize any one of the components as a functionally distinct entity. 
Other methods, such as adsorption, extraction, and fixation have also 
proved to be fruitless. 

It became apparent that although a great deal is known regarding the 
general properties of w T hole complement, little or nothing has been 
learned concerning the properties of its individual components. There¬ 
fore it is clear that before isolations are attempted, the optimum condi¬ 
tions for then* stability and activity should be ascertained. Studies in 
this direction were made and the results of these experiments follow. 
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VARIATIONS IN GUINEA PIG COMPLEMENT 

Because of its high content of hemolytic complement guinea pig serum 
was employed in all of the experiments described below. However, 
guinea pigs show wide seasonal variation in the complementary activity 
of their sera. 

Several investigators 46,50151 stated that complement suffers'a re¬ 
duction in titer during the winter months, and they attributed the seasonal 
variation to a deficiency in green foods and to a lack of vitamin C. 
Again, certain investigators 52 attempted to discover whether or not 
vit amin C entered into the constitution of complement since ascorbic 
acid does not exist in a free state in the blood. They claim that it is 
boimd to proteins or lipoids but no proof is given for this statement. 
They found that the complementary power of the serum of rabbit was 
increased by the administration of vitamin C, and that a proportionately 
low value of vitamin C occurred in the adrenals of guinea pigs in which 
low complement titers were found. 52 ’ 53 Later it was shown that a 
correlation exists between the complement titer and ascorbic acid con¬ 
tent of guinea pig serum. 41 A similar qualitative relationship was also 
shown to occur in man. 54, 55 - 56 Since these findings were made, it 
has been the practice in this laboratory to maintain all guinea pigs on a 
well-balanced diet supplemented with at least 10 mg. of ascorbic acid 
daily. 57 

It has also been noted that the action of whole native complement is 
associated with a redox mechanism. 57 The nature of the effect of 
vitamin C in vivo and of the redox mechanisms in vitro are suggestive, 
but as yet there is no explanation for either phenomenon. It would 
appear that only the third component is implicated in these phenomena. 
Also it is the opinion here that the vitamin C saturation is an index of an 
animal's well-being, and that the observed increase in complement in 
guinea pigs on high vitamin C diets is indicative of either the availability 
or the state of those serum entities responsible for complementary activity. 

THE EFFECT OF VARIOUS HYDROGEN 
ION CONCENTRATIONS ON THE 
COMPONENTS OF COMPLEMENT 

Although it is generally agreed that a pH under 5 and over 9 in¬ 
activates complement, nothing was known concerning the effect of pH 

, $ Crandon, Lund & Dill, (New England Jonr. Med. 223: 35S. 1340), in a controlled study of 
vitamin C deficiency in a human reported that no relationship existed between the ascorbic add content 
and complementary titer of blood plasma. However, the late date (78 days after onset of deficiency) 
on which the complement titrations were started and the possible technical differences of methods em¬ 
ployed may account for this result. A larger series of cases with strict conformance to standardized 
technique would be desirable. 
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on the individual components of complement. The pu*seir un*ho:- 
were able to show that end-piece and the fourth component aie relatively 
unstable in acid solutions and stable in alkaline solutions; and that 
mid-piece and the third component of complement are i*4a*ively un¬ 
stable in alkaline solutions and more stable in acid solution-*. Thi* is 
illustrated in table 2. It is noted that after treatment of seium with 
0.1 X XaOH to a pH of 9.5 the selective reactivation is brought about 
only by ammonia-treated serum and the intact mid-piece. This in¬ 
dicates that both the third component and the mid-piece are inactivated 
at this alkaline pH. On the other hand, the treatment of serum with 
0.1 X HC1 to a pH of 4.2 resulted in its selective reactivation bv zymin- 
treated serum and the intact end-piece. Therefore, acid-- attack the 
fourth component and the end-piece. Thete observations aided greatly 
in the final separation of the component* of complement from whole 
serum as is discussed subsequently. 

THE EFFECT OF AMINO COMPOUNDS ON THE 
COMPONENTS OF COMPLEMENT 

Although it was demonstrated in 1926 that dilute ammonia destroy-? 
the fourth component of complement, 35 the nature of tliis inactiva¬ 
tion was not explained. It has been postulated that the inactivating 
process is due to the formation of an un-ionized calcium-ammonium 
double salt. S5 Attempts have also been made to associate this in¬ 
activation with lipids and bound calcium.^- 59 The present authors in 
collaboration with Dr. J. Seifter 42 formulated the hypothesis that the 
ammonia-inactivation of the fourth component is the conversion of the 
active carbonyl groups of the component to some less active structure. 
To test this h\'pothesis, various amino compounds of two general classes 
were tested for their anti-complementary effects: those amino compounds 
which are known to react with carbonyl groups, and those which do not. 
The results are summarized in table 3. It is noted that v l) only pri¬ 
mary amines, hydrazine, phenyl hydrazine and a-methyl hydroxvlamine 
specifically inactivate the fourth component; \2) simple alkalinity of 
amines is not the cause of the inactivating property; (3) the fourth com¬ 
ponent is inactivated only by amino compounds that are known to have 
decided reactions with aldehydes; (4) the -XH 2 group is necessary for 
this inactivation; (5) the type of substituent group replacing a hydrogen 
atom of ammonia to produce the amino compound has a pronounced 
influence on the capacity of the compound to inactivate the fourth com¬ 
ponent; (6) amino compounds which have been previously treated with 
aldehydes do not affect the fourth component; and (7; polar groups 



Table 2 

The Effect of Various Hydrogen Ion Concentrations on the Components of Complement 


ANNALS .VEIT YORK ACADEMY OF SCIENCES 

'I I -si I I 


®ooog 

ss°®° 

®°i2gi 

OOOOO 

^rH 

© © LO 0 o 

883°° 

rH rH 

0 

10 

100 

100 

100 

goooo 

ooogg 

1-1 

83S°° 

rH 

°®8SS 

HHH 

g © o to o 

°°23S 

rH 

383°° 

ooo ssss 

rH 

©OOOOO 

O^TH 


© © c5 o» oo oo i> © ^ rjJ rj< ■*? eo 


lz;g:&:fe!z:!z; 

0,0^0^,0,0, ^hhhhhh 

aaaaaa §sssss-s- • 

9999991333335 

aaaaazaawaaaa 


* Adjusted to 7.2 before titration. 

** Titer of original Berum taken as 100 per cent. 



Tjij; E* riser oi *Vaiin<> ('omfoi ni>s on this Fm utii Componkni of Comvu.ment 


ECKER AND PILLEMER: COMPLEMENT 



Taken from Pillemer, L. f Seiftor, J., & Ecker, E. E. Join. Immunol. 40: 80. ion. 
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which potentially lend acidic or redox properties to amino compounds 
completely abolish the anti-complementary effect of the amine. Block¬ 
ing of the polar group restores this activity, as in the case of a-methyl 
hydroxylamine. In addition, amines which have negative and polar 
groups apparently need extra-physiological conditions of pH and tem¬ 
perature in order for the -NH 2 group to interact with aldehydes. 

These results suggest that the active amino compounds act upon a 
carbohydrate complex of the end-piece, and that the end-piece acts as a 
carrier for the fourth component-carbohydrate complex. 

These findings, may also explain the past failures to purify complement 
by fractionation with ammonium sulfate because, if care is not taken to 
maintain a low temperature and a slightly acid pH, inactivation of com¬ 
plement readily occurs. 

THE EFFECT OF SALT CONCENTRATION, TEMPERATURE 
AND DIALYSIS ON COMPLEMENT AND ITS COMPONENTS 

Dialysis of whole serum against distilled water separates complement 
into a ‘‘globulin fraction’' and an “albumin fraction.” 31 The “globulin 
fraction” is termed “mid-piece/ 7 Mid-piece is unstable in 0.9 per cent 
saline. 60 In fact, it loses its activity in a few hours. However, it re¬ 
mains active and stable if suspended in distilled water 60 - 61 or hyper¬ 
tonic salt solution. 62 It is inactivated by heating at 54° C. for 30 
minutes, 63 and is non-dialyzable against water, hypotonic or hypertonic 
salt solutions. 64 - 65 

The '‘albumin fraction” or “end-piece” is relatively stable on standing. 
At 2° C. its activity remains unimpaired for several days. 60 * 66 It is 
also inactivated by heating at 54° C. for 30 minutes, 63 instead of at 
56° C. for 30 minutes as had been previously reported. It is also non- 
dialyzable against water, hypotonic or hypertonic salt solutions. 64 - 65 

The fourth component has a stability of the same order as the end- 
piece. 42 It is non-dialyzable, 65 but has a higher thermal inactivation, 
a temperature of 65° C. for 30 minutes being required to inactivate it 
completely. 63 In 10 per cent NaCl the thermostability of the fourth 
component is reduced to 61° C. for 30 minutes. 

The third component is very unstable, and is the first to disappear in 
serum on standing at room temperature or on ice. 1 ’ 65 It is non-dialyz¬ 
able, 88 and is inactivated at a temperature of 62° C. for 30 minutes. 63 
In 10 per cent NaCl the inactivation temperature is reduced to 60° 
C. for 30 minutes. Hypertonic salt solutions have a protective action 
on the removal of the third component from whole serum by yeast, 
zymin or the insoluble carbohydrate of yeast. 67 
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THE ROLE OF CALCIUM AND THE EFFECT 
OF LIPID SOLVENTS 

Calcium 

It has been generally assumed that serum calcium is associated with 
complement function, although differences of opinion exist as to the 
nature and action of the calcium. Some authors state that the removal 
of the diffusible calcium does not influence complementary activity;**' 
but others claim that ionized calcium is necessary/ 9 

The present authors investigated the role of calcium in complement 
constitution and function. 42 It was found that, whenever calcium was 
removed from an acid medium, a certain degree of acid inactivation took 
place; but the removal of calcium up to 9S per cent from a neutral or 
slightly alkaline medium had no effect on any component of complement. 
Calcium therefore plays a role of doubtful significance in complement 
function. 

The results of these experiments are given in table 4. It is noted 
that calcium dis-ionizing organic acids inactivate complement in a 
manner similar to the hydrogen-ion effect of HC1 (see table 2j. How¬ 
ever, their alkali salts, in amounts up to 5 per cent, had no effect on 

Table 4J 

The Effect of Calcium Disionizing Organic Acids and their Alkali Salts, 
of Sodium Hexametaphosphate and Lead Phosphate ox Comp lem ent. 


Complement treated 
with: 


Reactivations with: 



Percentile restoration of 
complementary activity 


XH*OH 

7.2 

0 

1 

90 

0 

100 

100 

10 

So 

0 

Citnc acid 

4.9 

0 

25 

0 

so 

100 

10 

15 

0 

Lactic acid 

4.8 

0 

25 

0 

so 

100 

10 

10 

0 

Tartaric acid 

4.9 

0 

25 

0 

90 

100 

5 

10 

0 

Oxalic acid 

4.9 

0 

20 

0 

100 

100 

5 

10 

0 

Pb 8 (P0 4 >2 

5% Na*(Na*P e Oe) 

7.2 

6.8 

0 

100 

0 

80 

0 

0 

60 

0 

0 

5% alkali citrates, oxalates and 

| 
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tartrates 

7.2 

i 

100 1 


1 







* Adjusted to 7.2 before titration, 
t Titer of original serum taken as 100 per cent. 

t This table is taken from Pillemer, L., & Ecker, E. E. Jour. Immunol. 40: 101. 1941. 
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It b lI< noteu rha 1 lium iinvametaphosphate, which 
pl*u*< - a ium -*o *■ ffecvrtlym the aniun complex that it is no longer 
available :»*. l un^iy anni\&>. ukewi^e had no anti-complementary 
effect. L«c pht-pInTe ad^oib^ 9b pei cent of the serum calcium, as 
weh a* the n*, *-piue but ther^ 1& 1*0 erect on the fourth component 
T ,v>i‘ L -upMo-t.<iIy em*ain^ cahiam. 

TLv .^1 n^ilt- d*ov, that no »lcSuite lelation^hip exist? between calcium 
an i *Lt fuuttL component. In fact, the weight of evidence indicates 
+ Lu it i« no 1, involved in the immediate labile and lever&ible reactions of 
'‘umpltmcn*. It is the 1 x lief of + Le authors that calcium may be a struc- 
t iral p~it of the tnd-pioce - fourth component complex, but not essential 
to its function, ''because, when acids are used to remove the calcium, the 
removal is accomplished at the expense of piotein denaturation and the 
destruction of end-piece structure. Tlie relationship of calcium to com¬ 
plement as observed by utl±ei investigatois then becomes an index of the 
degree of complement denaturation. 

Lipid Solvents 

It i* known that the tieatmenr of serum with ether/ 5 followed by the 
removal of the ether, inactivates complement. It wa^ later reported 
that the factor destioyed by ether or chloroform was the fourth com¬ 
ponent. 5 A» benzene inactivated a supposedly new fraction of com¬ 
plement, a hypothetical “fifth component" w'as postulated, but its 
presence was not confirmed. 9 

The present authors showed that the extraction in the cold of active 
dehydrated complement with absolute alcohol, anhydrous ether, or 
petroleum ether does not inactivate complement. 69 In fact, the ex¬ 
tracted lipids were anti-complementary, and complement often showed 
an increase of activity after such extractions. As stated above, no evi¬ 
dence of a possible “fifth component" wa> found. 

In ad<lition. f it has been shown that treatment of fresh setum with 
ether, chloroform, cadmium chloride, benzene or benzine had no specific 
effect on any one component, but inactivated fresh complement by 
virtue of protein denaturation. While it is agreed that the phospho¬ 
lipids may play a role in complementary function, it has not as yet been 
possible to establish a definite relationship. 

THE ACTIVE ANTI-COMPLEMENTARY PRINCIPLE 
IN FRESH YEAST 

Although the inactivation of complement by yeast was described as 
early as 1900, 34 the nature of this inactivation remained obscure. 
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The present authors* 3 isolated an in-olul>le fiwrioL. Lu m :u-L \* l < 
which is composed of 94 per cent carbohvdiate and i- in-oi\’ le in *.ot 
water, organic solvents and cold alkali. The yiel 1 was about 2 pel c?n\ 

This insoluble carbohydrate fraction inactivated specifically tLe thir 1 
component of complement in an amount of only one twemy-fif^L of r Le 
required amount of fresh yeast. None of the soluble factions from 
yeast inactivated the third component. Since the anti-complementar\ 
factor is undoubtedly an insoluble complex caibohyclia^e the inactiva¬ 
tion of third component appears to be due to the adaption of thb lela- 
tively heat resistant component of blood serum. 

EARLY ATTEMPTS AT THE PURIFICATION 
OF COMPLEMENT 

Adsorption 

As early a 6 ? 1900 it wa* shown that complement i^ removed from serum 
by coagulated *erum protein*. 73 Since that time many attempt*- have 
} »een made to adsorb complement on various adsorbing agents. Berke- 
feid filter, kaolin, alumina, carbon, insoluble calcium and magnesium 
compound^, barium sulfate, starch, inulin. agar, gelatin, and even bac¬ 
teria have been used for thi* purpose. 

'While it ha* been suggested that the adsorbent* remove only the mid- 
piece,’- most investigator* agree that no ^elective adsorption of any 
component occuis. 1 71 

In view of the successes obtained in the purification of enzymes by 
adsorption and elution, controlled adsorption was undertaken in at¬ 
tempts to isolate or purify complement. 07 However, elution of the 
adsorbed complement and its components was found to be impossible, but 
certain observations were made in the course of these experiment* and 
they are as follows: 1 > Lead phosphate and titanium oxide remove the 
mid-piece of complement. 2 Kaolin and magnesium hydroxide are 
less specific in their action. »3 Aluminum hydroxide gel removes the 
total complement complex. 4 A correlation exists between mid-piece 
and third component and the amount of euglobulin phosphorus adsorbed. 

Fractionation with Ammonium Sulfate 

Although serious attempts have been made to separate complement 
from whole serum, the results have been too indefinite to allow the char¬ 
acterization of either complement or any of its components as function¬ 
ally distinct entities. Also, pa*t failures to purify complement can be 
attributed to lack of care in avorling denaturation of the labile com¬ 
plement. 
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However, it was recently shown 72 that the addition of one volume of 
guinea pig serum to 14 volumes of 2.4 m ammonium sulfate results in the 
precipitation of about 35 per cent of the total serum proteins and that 
this precipitate contains, after the removal of the ammonium sulfate, 
about 90 per cent of the complementary activity originally present in the 
serum. Nevertheless, attempts to separate this material into the var¬ 
ious components of complement were futile. It then became evident 
that, although the 1:15 dilution of the serum with ammonium sulfate 
solution sufficed to separate the globulins from serum without much loss 
of complementary activity, the same method was unsatisfactory for 
further purification of the complement components. 

In figure 1 is presented a fractional precipitation curve of the guinea 
pig serum globulins.* It is noted that there are four distinct salting-out 
plateaus. As to the complement component content of these fractions, 
the following w T ere noted: (1 ) The material precipitating between 1.40 m 
and 1.56 m amm onium sulfate had a small amount of mid-piece activity, 
but w T as very unstable. (2) The proteins precipitating between 1.56 m 
and 2.2 m ammonium sulfate contained varying amounts of third com- 



Figube 1. Fractional scram protein precipitation curve. Serum proteins precipitated from 1 15 
serum at 2 C. by various concentrations of ammonium sulfate. 

* Unpublished experiments performed by C. B. Jones and S. Seifter in collaboration with the authors. 
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ponent, fourth component and end-piece. However, the results were 
not clear-cut and characterization of any of these fractions proved to 
be impossible. 

THE SEPARATION AND CHARACTERIZATION OF THE 
COMPONENTS OF COMPLEMENT 

With the collaboration of Prof. E. J. Cohn and Dr. J. L. Oncley of 
Harvard University, the present authors have been able to separate three 
of the components of complement in a high degree of purity and have 
characterized these components physico-chemically and immunologic- 
ally. 66 This was accomplished with exact physico-chemical manipulations. 

To guide the work described below, electrophoretic diagrams were pre¬ 
pared of mid- and end-piece (made by the carbon dioxide method) as 
well as of zymin- and ammonia-treated sera . 73 The results indicate 
that the so-called “globulin fraction” or mid-piece contains at least four 
distinct proteins, two of which have electrophoretic mobilities faster than 
those originally present in whole serum; while the so-called “albumin 
fraction” or end-piece also contains at least four distinct proteins, one 
of which appears to carry nearly all of the 7 -globulin originally present in 
whole serum. No significant difference was detected electrophoretically 
between normal serum and serum deprived of its fourth component by 
treatment with ammonia. Serum deprived of its third component by 
treatment with zymin showed a disturbance of the a-globulins, accom¬ 
panied by a slight increase of the mobilities of the remaining serum 
proteins. It is evident, therefore, that the terms “mid-piece,” “end- 
piece,” “albumin fraction,” and “globulin fraction” are unsatisfactory 
and misleading as applied here. Therefore, after discussions and agree¬ 
ment with Dr. M. Heidelberger of Columbia University, the components 
of complement have been designated as C'l, C' 2 , C'3 and C'4 , 73 corres¬ 
ponding to the mid-piece, end-piece, third component, and fourth com¬ 
ponent respective^ in the older terminology. 

However, to avoid confusion, in this paper the older terminology is 
used in designating the components, but the suggested terminology will 
be followed in all subsequent publications from this laboratory. 

Since the components involved in complement for hemolysis appear to 
be associated with serum proteins, it seemed important to isolate them 
in the highest degree of purity obtainable and to characterize them. 
This was successfully accomplished with three of the components of 
complement, i.e., mid-piece, end-piece, and fourth component. The 
separation was achieved under rigidly controlled conditions by fractional 
precipitation with ammonium sulfate, accompanied by various extrac- 
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tions and dialysis procedures. The method is published in detail 
elsewhere. 65 

Mid-piece was found to be a euglobulin with an apparent iso-electric 
point of 5.2; with an electrophoretic mobility of 2.9 x 10” 6 in phosphate 
buffer of ionic strength 0.2 at pH 7.7; and with a sedimentation constant 
of 6.4 x 10~ 13 in KC1 of ionic strength 0.2. Its activity was destroyed by 
heating at 50° C. for 30 minutes, by hydrogen ion concentrations alka¬ 
line to its iso-clectiic point, and also in dilute solutions. It exhibited a 
definite inhibitory effect in protein concentrations exceeding 0.02 per 
cent, while full activity was observed at protein concentrations between 
0.002 and 0.02 per cent. It comprised 0.60 per cent of the total serum 
proteins. 

The end-piece and fourth component were present in the same serum 
fraction. The final purified protein was a muco-euglobulin, 98 per cent 
of which had an electrophoretic mobility of 4.2 x 10“ 5 . The final yield 
was 0.18 per cent of the total serum proteins. Its apparent iso-electric 
point was about 6.3-6.4. It contained 10.3 per cent carbohydrate, and 
had a specific optical rotation of —192.5°. Immunologically, this serum 
fraction appeared to play a dual role. Treatment at 50° C. for 30 
minutes destroyed all of the end-piece activity, while the fourth com¬ 
ponent was totally destroyed only by heating at 66° C. for 30 minutes. 
The fraction therefore performed two immunological functions, one by 
virtue of a heat-labile constituent, and the other by virtue of a relatively 
heat-stable eonstitutent. 

The properties of these purified fractions are contrasted in table 5. 
It is noted that the apparent iso-electric point, that is, the pH of water 
triturated with the precipitated euglobulins associated with end-piece 
and fourth component, actually was close to 6.3, while that of the mid¬ 
piece was 5.2. The fraction with the higher mobility and precipitated 
by the higher concentration of salt thus had the more nearly neutral 
iso-electric point. A more detailed study of this unexpected result will 
be undertaken in order to examine the interactions of these components 
of complement with one another, and with the other components of serum. 

Third component was found in small quantities in nearly every frac¬ 
tion of serum. Attempts at the purification of this component by 
specific adsorption with the insoluble carbohydrate from fresh yeast 15 
and subsequent elution are now in progress. 

The three purified complement components (mid-piece, end-piece and 
fourth component) comprise about 0.8 per cent of the total serum pro¬ 
teins. Eecently, 74 employing an entirely different technique (fixation) 
it has been found that one cc, of guinea pig serum contains from 0.15 to 
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0.2 mg. of complement protein. However, in a personal communication 
to the authors, Heidelberger now reports that he finds 0.4 to 0.7 mg. of 
complement protein to be a safer approximation. This is in good agree¬ 
ment with the values found by fractional precipitation. The variability 
of the amount of complement fixed by an antigen-antibody complex may 
be due to the relative amounts of each component fixed. Work now in 
progress in this laboratory points to such a possibility. 


Table 5* 

Characterization of the Mid-Piece 
and the End-Piece and the Fourth Component of Complement 



Euglobulin 

(mid-piece) 

Muco-euglobulin 
(end-piece and 
fourth component) 

Electrophoretic mobility x 10 5 
pH 7.7; ionic strength 0.20 

2.9 

4.2 

S =20^w x 1° 13 

In potassium chloride of 
ionic strength 0.20 

6.4 


Per cent protein nitrogen 

16.3 

14.2 

Per cent total serum protein 

0.72 

0.17 

Per cent carbohydrate 

2.7 

10.3 

Per cent phosphorus 

<0.1 

<0.1 

[a] 25° C. 

-28.7° 

-192.5° 

Apparent iso-electric point 

S.2-5.4 

G.3-6.4 

Percent original complementary 
activity 

100 

85 

Heat stability 

Destroyed at 50° 
C. for 30 min¬ 
utes. 

End-piece destroyed at 50° 
C. for 30 minutes; fourth 
component at 66° C. for 
30 minutes. 


* This table is taken from Piilemer, L., Ecker, E. E., Oncley, J. L., & Cohn, S. J. Jour. Exp. 
Med 7-4: 297. 1941. 


CONCLUSIONS 

It is now established that three of the components of complement are 
distinct chemical entities. Therefore, past contentions that surface 
tension or eollodial states alone can explain complementary activity are 
no longer tenable. In fact, the complementary activity of serum may 
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now be viewed as the result of interactions between chemical entities, 
and the destruction or removal of any of these substances alters the activity 
of the complement complex . 

Mention should be made that in the treatment of bacterial diseases, 
actively or passively, it has been assumed that complement is always 
present in abundance. Although it is now known that three of the com¬ 
plement substances comprise only about 0.8 per cent of the total serum 
proteins, it is evident that this is not a safe assumption, in that these 
factors, in infections, may be depleted faster than they are produced. 
They may therefore be of greater diagnostic value, and may even prove 
to possess prognostic and therapeutic significance. 
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THE QUANTITATIVE RELATIONSHIP BETWEEN 
ANTIGEN AND ANTIBODY IN THE 
PRECIPITIN REACTION 

By Forrest E. Kendall 

From Columbia University , Department of Hospitals , Xew York 

Heidelberger and his co-workers, by the application of quantitative 
methods to the study of the precipitin reaction, have shown that for 
many systems the relationship between antibody and antigen in the 
precipitate formed when antigen is added to an excess of antibody can 
be expressed by the equation, 



where y = mg. antibody precipitated. 

x = mg. antigen added. 

A = Total antibody present. 

R = Ratio at the equivalence point. 

Although good agreement is obtained between the values calculated 
from this equation and those found experimentally for many systems 
which have been carefully studied, 1 in other systems certain changes 
must be made in the equation in order to obtain agreement. 1 

In 1935 it was shown by Heidelberger and Kendall 14 that this equa¬ 
tion could be derived by an application of the law of mass action if cer¬ 
tain assumptions were made. The authors were aware that the assump¬ 
tions upon which this derivation was based were over simplified. There¬ 
fore, although the derived relationship explained the two most striking 
quantitative aspects of the precipitin reaction, namely, the changing ratio 
between the two components in the precipitate and the lack of a pro¬ 
nounced volume effect, it is necessary to reexamine the theoretical basis 
upon which it rests. 

The following assumptions form the basis of a modified theory. 
Some of the assumptions rest upon independent evidence so substantial 
that they must be accepted, and others are logical conclusions drawn 
from available information concerning the properties of antigens and 
antibodies. 2 The assumptions are: 

1. Antibodies are modified serum proteins. 

2. The reaction between antigen and antibody is between specific 
groups or areas upon the surface of the molecules. 

(85) 
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3. Both antigen and antibody may be multivalent with respect to 
each other, i.e ., each molecule may possess more than one reactive 
group or area. The reactive groups upon a given molecule may all 
have the same specificity or they may be different. The maximum 
number of molecules of antibody bound by one antigen molecule 
may be determined by the number of reactive groups upon the 
antigen or it may be limited by steric factors. There is a limit to 
the number of antibody molecules that can be arranged about an 
antigen molecule of finite size. 

4. Within the limits imposed by steric factors the reactivity of any 
specific group upon the antigen or antibody molecule is indepen¬ 
dent of the state of combination of other specific groups upon the 
same molecule. The reactivity of an antigen or antibody group 
upon the surface of a precipitate is the same as the reactivity of the 
same group on the surface of a molecule in solution. 

5. An equilibrium is established between the free and combined 
antigen and antibody groups in the system. It is evident that the 
system under consideration is not homogeneous. It is concerned 
with the reaction of groups upon larger surfaces and the equilibria 
established will be between reactive groups upon the surface of 
precipitates and the molecules in solution. 

Inasmuch as both antigens and antibodies are complex protein mole¬ 
cules which may vary widely in their properties a satisfactory theory 
must allow for these variations. 

Thus, antigens may vary in molecular weight and in the number and 
kind of reactive groups upon their surfaces. In some cases all of the 
reactive groups may react as if they had the same specificity, whereas in 
others part of the groups may react with separate antibodies. The re¬ 
active groups may be arranged upon the antigen in such a way that they 
react independently of each other. They may also be arranged in such 
a way that the reaction of one group prevents the reaction of other groups. 

The antibody may also show the same type of variations. The 
antiserum produced by immunizing an animal with any antigen may 
contain a mixture of antibody molecules which differ in the number and 
kind of reactive groups and in the firmness with which they combine 
with the antigen. 

Because of the complex possibilities of antigen-antibody systems the 
discussion of the theoretical consequences of the assumptions made will 
be divided into a number of sections. The theory will be developed first 
for the simpler cases and then extended to the more complicated systems. 
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In the first case to be considered, it is assumed that the reaction is 
irreversible and that all of the reactive groups upon the antigen and all 
the antibody molecules in the antiserum are alike. 

If the valence of antibody is 1 , in the presence of an excess of antibody 
all of the reactive groups upon the antigen will be combined with whole 
antibody molecules. The relationship between A, the number of anti¬ 
body molecules combined, and B, the number of antigen molecules 
added, would be 

A = NB where N = valence of antigen, 
or, Mg. Antibody pptd. = rN X mg. antigen added , 
where r is the ratio between the molecular weights of antibody and 
antigen. 

If the valence of antibody is 2 , in the presence of an excess of antibody 
all of the antigen groups will be in combination, but some of the anti¬ 
body molecules will have both groups free, some will have one group 
combined, and some will have both groups combined. If there is a 
perfectly random distribution of the available antigen groups between 
the reactive groups upon the antibody, the most probable number of 
molecules of antibody combined in the different ways can be computed. 

= Number of molecules of antibody in 
the system. 

= Number of molecules of antigen added. 
= Valence of antigen. 

= Number of antigen groups added, and 
also 

= Number of antibody groups combined. 

= Fraction of antibody groups combined 
and also the probability that any partic¬ 
ular antibody group is combined. 

= Probability that any particular anti¬ 
body group is free. 

= Probability that any antibody molecule 
has both groups free. 

= Probability that any antibody molecule 
has both groups combined. 

= Probability that any antibody molecule 
has one group free and one combined. 
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The number of uncombined antibody molecules would then be 


NB\ 


2A A B\ 2 . _ . y o ,_ 

2A ) A ~ A + 4A 


The number of singly combined antibody molecules would be 




NB*. 
2A 


The number of doubly combined antibody molecules would be 

(NB\\ NW. 

\ 2A) A ~ 4A 

The total number of combined antibody molecules would be 
A combined = NB — NB Z . 

4 A 

If R — mob wt. antibody mol, wt. antigen 
~ valence antibody valence antigen J 
this formula reduces to 


Mg. antibody pptd. = 2 Rx 


-(?). 


where x = mg. antigen added. 

If the valence of antibody is M, then 
f MA — YB\ V 

— - —) -A = number of uncombined antibody molecules. 


( l 


number of combined antibody molecules. 


- - - 

The number of antibody molecules having 0, 1, 2, and 3 ... .M groups 
combined is given by the successive terms of the binomial expansion: 
( ALA - NB XB_y 


MA 


MAJ 


The second case to be considered is one in which the reaction is reversi¬ 
ble and an equilibrium is set up between free and combined reactive 
groups. The system must be treated as a heterogeneous system in which 
groups upon molecules in solution are in equilibrium with free and com¬ 
bined reactive groups upon surfaces. As before all of the reactive groups 
upon the antigen are considered to be alike. 

If the valence of antibody is 1, equilibrium would be established between 
the number of free and combined groups upon the antigen, which is 
considered to form the surface phase, and the concentration of antibody 
in solution. 

If A = Total number of antibody molecules in the system. 

B = Number of antigen molecules added. 
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X = 


X = 


[NB - x) = 
(ri - x) = 
at equilibrium, 


Valence of antigen. 

Number of antigen groups in combination, and also 
Number of antibody groups in combination. 
Number of free antigen groups. 

Number of free antibody molecules. 

(NB - x) = kx. 


This equation reduces to a form which is the same as that derived by 
Ghosh 3 with the exception that it includes a volume term. 

If the valence of antibody is 2, the groups upon either the antigen or 
antibody may be considered to constitute the surface phase which is in 
equilibrium with the reactive groups upon the molecules in solution. 
The reaction may be treated the same as in the case of the irreversible 
reaction with the exception that the number of antigen groups in com¬ 
bination will not be NB, the total number of antigen groups added, but 
will be some smaller number x determined by the magnitude of the dis¬ 
sociation constant. If there is a random distribution of x combined 
groups between the antigen and antibody molecules in the system, 

= Number of uncombined antibody molecules. 

= Number of antibody molecules with one group 
combined 

= Number of antibody molecules with both 
groups combined. 

= Number of free antigen groups. 

If equilibrium is established in the system as a whole it will also be 
established in each step of the reaction. The first step will be the re¬ 
action of one group of an antibody molecule in solution with a reactive 
group upon the antigen. 

A+ b^±Ab 

The rate of combination will be proportional to the concentration of anti¬ 
body groups in solution times the number of uncombined antigen groups. 
The rate of dissociation will be proportional to the number of antibody 
molecules with one group combined. At equilibrium 

(NB - .) ( 2 4p)‘(%) - *(^) (fi) M ■ 

This amplifies to the expression, 

(NB — x ) (2 A — x) = kVx. 


(NB - x) 
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If the antibody groups are considered to constitute the surface phase 
in equilibrium with the antigen groups on the antigen molecules in solu¬ 
tion, the equation involved becomes 




which also simplifies to the same form. 

The amount of antibody precipitated will be 


x — 


JL 

4 A 


instead of 


KB 2 


NB — , x being defined by the equation given above. If the dis¬ 


sociation constant is small the difference between these two values be¬ 
comes experimentally significant only in the equivalence zone where the 
excess of antibody is small. Except in this region the reaction may be 
satisfactorily expressed by the formula, 

Mg. antibody pptd. = 2 Rx — -j— 

where x is the mgs. of antigen added. 

In these cases all of the reactive groups upon the antigen were assumed 
to be alike and the reactivity of one group was not affected by the re¬ 
action of the other groups on the same molecule. The necessity of these 
assumptions can be tested. 

Let it be assumed that antigen has four groups that react with the same 
bi-valent antibody to form compounds that have different dissociation 
constants. 

If A = Number of antibody molecules present. 

B = Number of antigen molecules present. 

x, y, zj and u are the numbers of the different groups that have 
reacted. 

At equilibrium, 

( 2 A — x — y — z — u) (B — z) = kiVx 

(2A — x - y - z - u) (B — y) = hVy 

(2 A — x — y — z — u) (B — z) = k^Vz 

(2 A — x — y — z — u) (B — u) = hVu 

If values are assigned to the ft’s, relative values can be computed for 
the other terms in these equations. The amount of antibody combined 
will be, 

(*+,+»+.)- . fe - t +»> • 

As shown in table 1 , the relative amounts of antibody combined by 
antigen which has 4 groups reacting with antibody with dissociation 
constants 10 ~ 5 , 10 "" 4 , 10 ~ 3 , and 10 ~ 2 , are compared with the amount 
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precipitated by antigen in which all valences are alike and have a dis¬ 
sociation constant of 10~ 5 . 


Table 1 


Antigen added 

Antibody combined 

Mixed antigen 

Simple antigen 

0.1 

0.1900 

0.1900 


0.3600 

0.3600 

0.3 



0.616 

0.8518 

0.8526 

0.764 

0.9434 

0.9443 

0.802 

0.9600 

0.9608 


From the data summarized in table 1 , it can be seen that it would be 
impossible to distinguish experimentally between the two systems. 

Another case has been considered in which it is assumed that all of the 
groups upon the antigen are alike, but that the reaction of each group 
lowers the tendency for the remaining groups to react with antibody. 
The reaction is considered to take place in steps and the dissociation 
constant is assumed to increase by a factor of 10 for each step. If 
x, y, z, and u represent the number of molecules of antigen with 1, 2, 3 
and 4 reactive groups combined, the equilibrium equations would be: 

(2 A — x — 2y — Zz — 4 u) • 4 (B — x — y — z — a) = kiVx 

(2 A ~ x — 2y — Zz — 4u) • Z(x) = 2h^Vy 

(2A — x — 2y — Zz — 4u) • 2{y) = Zk s Vz 

(2 A — x — 2y — Zz — 4u) • (; z ) = 4kiVu 

Relative values for A, B : x, y : z and u can be computed from these 
equations and the amount of bivalent antibody bound by different 
amounts of antigen can be calculated. 

In table 2 is depicted a comparison between the relative amounts of 


Table 2 


Antigen added 

Antibody combined 

Variable k 
&= 10-5 - 10-2 

Fixed A; 
ifc = 10-s 

0.231 

0.4090 

0.4092 

0.335 

0.5566 

0.5572 

0.405 

0.6456 

0.6458 

0.536 

0.7518 

0.7536 

0.670 

0.8910 

0.8934 

0.850 

0.9738 

0.9770 
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antibody combined with antigen in this system and the amount bound 
by antigen with a fixed dissociation constant. 

From the results set forth in table 2, it would be impossible to dis¬ 
tinguish analytically between the two systems in the region of antibody 
excess. 

It has been shown that it makes little difference quantitatively 
whether or not all of the groups upon the antigen react alike. What 
would be the effect if the two reactive groups upon the antibody molecule 
were different in their reactivity? Assume that the antibody molecule 
has two reactive groups Ai, and A 2 , that react with the same groups upon 
the antigen molecules, and that the dissociation constants k h and k 2 are 
of different magnitudes. 

If A = Number of antibody molecules. 

B = Number of antigen molecules. 
x = Number of Ai groups combined. 
y = Number of A 2 groups combined, 
at equilibrium, 

(A — x ) (. NB — x — y) = kiVx . 

(A - y) (NB - x - y) = hYy. 

rz/ 

Alois. antibody combined = x + V — 

Assuming values for A, k h and k 2 the relative values for NB, x and y 
can be calculated. Figure 1 compares the curve obtained for a system 
where A = 1.0, k\= 10“ 5 , k 2 = 10 -4 with the curve obtained if both of the 
antibody groups were alike. One system could be distinguished from 
the other experimentally. 

If the antibody has two reactive groups reacting with different kinds of 
groups upon the antigen molecule , 

Ni = Number of the first kind of group on the antigen molecule. 

N 2 = Number of the second kind of group on the antigen molecule. 
x = Number of Ai groups combined. 
y = Number of A 2 groups combined. 

(A — a;) (NiB — x) = kiVx. 

(A - y) (N*B - y) = hVy. 

If h and fc 2 are small, x approximates NiB and y approximates N 2 B, ex¬ 
cept near the equivalence point. 

Mols. antibody combined = (A r i + N 2 )B — — ■ . 

If Ni = N 2} the equation becomes identical with the one obtained for 
antibody with both groups alike. For all other values for Ni and N 2 the 
amount of antibody combined will be greater than for the simple system. 
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FicrRE 1. Reaction of noil-homogeneous antibody. The curves show the effect of a difference in the 
reactivity of the two reactive groups of bi-valent antibody. 


1. » O.U 2 ; 

2. k 1 * Its. 


Figure 2 shows the types of curves obtained when A\ = N z and N x = 5Y 2 . 

The antiserum formed by immunizing a rabbit with an antigen may 
contain a mixture of antibodies reacting with different specific groups 
upon the antigen molecule. A great number of variations are possible 
in such a system. 

1. If the number and position of the reactive groups upon the antigen 
permit the independent reaction of each group the amount of antibody 
precipitated from a mixed antiserum will be the sum of the amounts 
calculated for each individual system. If A h A 2 , etc., represent the 
amount of the different antibodies present and A r i, A T 2| etc., represent the 




94 


ANNALS NEW YORK ACADEMY OF SCIENCES 


number of the different reactive groups upon an antigen molecule, the 
amount of monovalent antibody combined will be 

N\B + X«B + etc., (if k h k h etc., are small) 
as long as an excess of all kinds of antibody is present. If the different 
antibodies are present in varying amounts so that some of them are 
completely precipitated while others are present in excess this expression 
becomes 


Antibody combined = Ai + A 2 + N*B + . . . . etc . 

If antibody combined is plotted against antigen added a graph made up 
of several straight line facets would result. 

If the antibody is bi-valent the amount combined will be 


XiB 


X1B 2 , v »_ 

HI + AsB - 


iVsB 2 
4 A 2 


+ etc, 



Figure 2. Reaction of non-homogeneous antibody. The antibody molecule is assumed to have two 
groups that react independently with two different kinds of groups upon the antigen. The curves show the 
effect of a difference in the relative numbers of the antigen groups. 

1. Ni - 5*V 2 ; 

*. N X - .V,. 
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as long as an excess of all kinds of antibody is present. If one of them is 
exhausted while an excess of the others is present the expression becomes, 



2. If the number or position of the reactive groups upon the antigen 
do not permit the independent reaction of each group many different 
cases are possible. The only case to be considered in detail is one in 
which there are two kinds of groups upon the antigen and the number and 
position of the groups prevent independent reaction of the two kinds of 
antibody. There will be a competition between the two kinds of anti¬ 
body for the available groups. If fa = fa the system will react like a 
system in which all of the antibody is alike. If fa 5 * fa the following 
relationships should hold for bi-valent antibody. 

Let Ni = N 2 — N the number of available groups on the antigen. 

Ai = Mols. of antibody 1 present. 

A 2 = Mols. of antibody 2 present. 
x = Number of groups of antibody 1 in combination. 
y = Number of groups of antibody 2 in combination. 

At equilibrium, 

(2Ai - x) (NB - x - y) = faVx . 

(2A 2 - y) (NB - x - y) = faVy. 


2 k'A 2 x , 

y ~ 2 Ai - (1 - V)x w 

Antibody combined = x 


where k f = ~ 
fa 

x _ *L 4 . v _ t. 

4Ai + y 44.2 


The values obtained for systems in which 


Ai = A 2 , fa = 10” 6 and fa = 10 -4 and 


3 A\ = A 2 , fa = 10~ 6 and fa = 10 -4 are shown in figure 3. 


The theory presented here does not predict the way in which all 
antigen-antibody systems will react. No single equation could be ade¬ 
quate for all possible variations in such a system. Its value lies in the 
fact that it permits logical deductions to be made concerning the chemi¬ 
cal nature of the antigen and antibody molecules from a quantitative 
study of their interaction. 

The data obtained by Heidelberger and Kendall 10 for the reaction of 
crystalline egg albumin with the antisera obtained after different periods of 
immunization of the same rabbit are analysed in the following discussion. 

The theory predicts that the maximum ratio of antibody and antigen 
combined should be 


Molecular weight of antibody 
Molecular weight of antigen 


X valence of antigen. 
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Figlre 3. Reaction of non-homogeneous antibody. The antiserum is considered to contain two species 
of antibody molecules reacting with the same antigen groups. 

1. 3.1 i - A 2 , Ai « 10-6, & a » io-*; 

2. .11 - . 12 , k 1 - 10-6, &2 = 10 - 4 . 

Since the valence of antigen is an integral number this relationship pre¬ 
dicts that the maximum ratio must be one of a limited number of values. 
Assuming molecular weights of 160,000 and 40,000 for the antibody and 
E. A., the possible ratios would be some multiple of 4. The change in 
ratio as the amount of added antigen is increased can be due either to 
dissociation, which would leave increasing numbers of antigen groups 
uncombined with antibod}" as the concentration of free antibody in the 
supernatent diminished, or to polyvalency of the antibody molecules. 
If the valence of antibody is one the change in ratio must be due to 
dissociation and the reaction should follow the equation, 

(A — x) (rB — x) = kYx, 
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where A = mgs. total antibody in the system. 

B = mgs. antigen added. 
r = maximum ratio. 
x = mgs. antibody combined. 

Since a high dissociation constant would make experimental determin¬ 
ation of the value of A impossible this equation contains 3 constants, 
A } r and k, which must be evaluated from the experimental data. This 
has been done for this system. Table 3 shows that values can be found 

Table 3 

Anti-Egg Albumin Rabbit Serum Number 387 


( A—x) (rB—x) — kvx 


1st Course 

2nd. Course 

3rd. Course 

A = 1.00 r= 

= 24 

CO 

rH 

II 

= 24 

A = 1.6 r 

= 24 

k = .23 u=2 ml. 

/c= . 

135 v 

= 2 ml. 

fc= .08 v 

=2 ml. 

Ea. 

Antibody 

Ea. 

Antibody 

Ea. 

Antibody 

precipitated 

precipitated 

precipitated 

mg. N 

Found 
mg. N 

Calcu¬ 
lated 
mg. N 

mg. N 

Found 
mg. N 

Calcu¬ 
lated 
mg. N 

mg. N 

Found 
mg. N 

Calcu¬ 
lated 
mg. N 

.009 

0.15 

0.14 

.015 


0.32 

.03 



.015 

.22 

.23 

.05 

0.79 

0.79 

.049 

0.96 


.025 

.35 

.35 

.088 


1.04 

.079 

1.24 

1.27 

.040 

.49 

.50 

.098 



.082 

1.29 

1.30 

.050 

.58 

.58 

.118 

1.10 

1.12 

.088 

1.33 

1.33 

.065 

.68 

.67 

.127 

1.15 

1.14 

.098 

1.37 

1.37 

.074 

.72 

.70 



.082 

.75 

.73 

.098 

1.05 

0.76 

.079 

1.28 



for these constants that give good agreement between the experimental 
data and the calculated values. The values of the constants for the 
different antisera are reasonable. As might be expected the value of A 
increases as the period of immunization of the rabbit becomes longer. 
The value of k decreases, i.e. } a long period of immunization increases the 
avidity with which antibody combines with antigen. The value for r 
remains constant throughout and indicates that the number of reactive 
groups upon the antigen molecule is 6. It would appear therefore that 
the reaction between egg albumin and its homologous antibody could be 
explained upon the assumption of monovalent antibody. However this 
assumption requires values for the dissociation constant k that would 






























98 


ANNALS NEW YORK ACADEMY OF SCIENCES 


lead to pronounced changes in the amount of antibody combined should 
the volume be changed. The data given in table 3 shows that a change 
in volume does not have the predicted effect. Therefore, in spite of the 
agreement between experimental and calculated values, the course of 
the reaction in this S3 r stem cannot be explained by the assumption that 
the valence of antibody is one. 

It was shown 10 that, although the antibody obtained after the first 
course of immunization reacted with egg albumin as if it were homogen¬ 
eous and had a valence of 2, the antibody obtained from later bleedings 
did not. Evidence was presented which indicated that the antibody in 
these sera was not homogeneous, and “that in the later stages of im¬ 
munization antibody is formed which is reactive with a larger number of 
chemically distinct groupings on the Ea molecule than was the anti¬ 
body produced in the earlier stages of immunization.” The theoretical 
treatment of the problem given in this paper permits the testing of this 
assumption. 

An egg albumin molecule was assumed to have two kinds of reactive 
groups reacting independently with different bi-valent antibody mole¬ 
cules. The number of the first kind of group, which stimulated the rapid 
formation of antibody in the rabbit, was assumed to be 4. The number 
of the second kind which stimulated slow antibody response, was as¬ 
sumed to be 2. The relative proportions of the two antibodies was con¬ 
sidered to be 1.00 to 0.00, after the first course of immunization, .90 to 
.10 after the second, and .75 to .25 after the third. Figure 4 shows that 
the experimental results are adequately explained by these assumptions. 

Although these assumptions are not the only ones that will lead to the 
numerical agreement between the experimental and theoretical values, 
they represent the simplest system that will give agreement. The 
probability of their correctness is increased by the observation ( lo : 
table 5) that, if part of the antibody in an antiserum obtained by long 
immunization is removed by absorption, the remainder of the antibody 
reacts as if the antigen had a valence of 4. 

In the development of the theory up to this point no assumptions have 
been made as to the cause of the insolubility of the compound between 
antigen and antibody. The assumption was simply that the compound 
was insoluble. The relationship between combined antigen and anti¬ 
body should hold regardless of the factors responsible for the insolubility 
of the compound. 

Two general theories have been proposed to account for the precipita¬ 
tion of the antigen-antibody complex. One theory postulates that the 
combination of antigen and antibody leads to the formation of particles 



Antibody N precipitated mg. 
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1 o 


0.8 


0.6 


0.4 


0.2 


0 

.05 .10 .05 .10 .05 10 

Ea. N added mg. 

Figure 4. Reaction of complex antigen with antibody mixtures. The antigen is assumed to have 
4 groups of type A and 2 of type B. The curves are calculated for different mixtures of antibody. 
1.100% A, 2. 90% A, 10% B. S. 75% A, 25% B. The circles represent experimental values obtained 
after different periods of immunization of a rabbit with egg albumin. 

whose surfaces are more “hydrophobic” than the surfaces of the uncom¬ 
bined antigen and antibody molecules. 4 If sufficient salt is present to 
reduce the surface charge of these particles below a critical value, non¬ 
specific flocculation and precipitation takes place. The second theory 
postulates “specific flocculation” as well as specific combination. 5 The 
union of multivalent antigen and antibody should lead to the formation 
of large aggregates in which alternate molecules of antigen and antibody 
are linked together to form a lattice-like structure. 

It must be recognized that the two theories are interrelated. The 
same surface forces which prevent non-specific flocculation would also 
act to prevent the chemical reaction of antigen and antibody groups. 
The surfaces bearing these groups must come into contact with each 
other before the reaction can take place. As the “coulomb forces” in¬ 
crease with the size of the aggregates these forces must be reduced below 
a critical value before specific combination can lead to the formation of 
large aggregates. 

It should be possible to demonstrate mathematically whether or not the 
“specific aggregation” theory alone is sufficient to explain precipitation. 
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Let us consider a hypothetical system in which the antigen has N 
reactive groups all of which are alike and in which the antibody has a 
valence of 2. In the presence of an excess of antibody all of the antigen 
valences may be considered to be in combination. Part of the antibody 
molecules in combination will have only one group combined. It is 
evident that antigen molecules that are combined only with a singly- 
bound antibody would form large isolated molecules that would not be 
part of a large aggregate and so should not be precipitated. Molecules 
of antigen combined with a doubly bound antibody molecule may be 
part of a large aggregate even though most of the antibody molecules 
upon the antigen are bound with a single valence. 

According to the theory presented here the number of antibody mole¬ 
cules which have a single group combined is given by the expression, 

(2A — x)x 

r» A f 


where A is the number of antibody molecules present and x is the number 
of antigen groups in combination and is equal to NB } the number of 
antigen molecules if & is small. Since each of these molecules is bound 
to an antigen group this expression also gives the number of antigen 
groups bound to a singly bound antibody. This expression divided by 
x gives the fraction of the antigen groups so combined, and also the 

;probability that any certain antigen group is so combined. 

equals the probability that all of the groups upon a given antigen mole¬ 
cule of valence N are in combination with a singly bound antibody. 

is the probable number of antigen groups not com- 


0 


bined in a large aggregate and, as each of these groups is combined with 
an antibody molecule, it is also the number of antibody molecules so 
combined. The number of antigen molecules in the aggregates would be 

[x _ (^)»>. 

As the number of antib ody molecules combined has been shown to 

V m \T"D u . (2A-NB\» XTn 

be NB — this number minus I-- r NS, 

represents the number of antibody molecules in the aggregates. 

In figure 5 curves are plotted which show the relative amount of 
antibody precipitated by various amounts of antigen. The first curve 
shows the amount of antibody that would be in combination and the 
other curves the amount that would be precipitated according to the 
specific aggregation theory, assuming antigen valences of 6,4 and 2. It 
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Figube 5. Antibody precipitated according to theory of "specific aggregation.” 1. Antibody combined; 
2. Antibody precipitated^ by antigen valence 6; S. Antibody precipitated by antigen valence 4; 4. Anti¬ 
body precipitated by antigen valence 2. 

has previously been shown that the experimental values obtained for 
antibody precipitated in anti-protein rabbit systems agree with the 
values calculated upon the assumption of complete precipitation. The 
differences between these experimental values and those calculated for 
the theory of specific flocculation is greater than the uncertainty involved 
in the determination of the antibody precipitated. It would thus appear 
that specific flocculation alone is not sufficient to explain the precipita¬ 
tion of the antigen antibody complex. However, the calculated values 
were obtained upon the assumption that the antibody was homogeneous 
and that all of the reactive groups upon the antigen were alike. These 
conditions are probably never encountered in natural systems. It can 
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be shown that as little as ten per cent of a second antibody reacting 
independently with the antigen would lead to practically complete 
precipitation throughout the reaction. Final judgment concerning the 
adequacy of the theory of specific flocculation cannot be given until 
simpler systems have been studied in detail. 

In contrast to its failure to give satisfactory agreement with the ex¬ 
perimental data in the systems in which the antibody was formed in 
rabbits, the specific agglutination theory, modified in one particular, 
adequately explains the data obtained in toxin-antitoxin and certain 
protein-antiprotein systems where the antibody is formed in the horse. 

Pappenheimer, Lundgren, and Williams 6 pointed out that “the ex¬ 
ceptional character of the antitoxin flocculation reaction lies chiefly in 
the soluble inhibition zone in the region of antitoxin excess.” They 
suggested that this peculiarity may be due to an “unsymmetrical dis¬ 
tribution” of the antitoxic groups upon the surface of the antitoxin 
molecule. Any assymmetry in the position of these reactive groups 
which would have any effect upon the reactivity of the groups would be 
reflected in a difference in the dissociation constants for the reaction of 
the two groups. Therefore, let it be assumed that an antitoxin molecule 
has two different reactive groups, A x and A 2 , which react either with the 
same or with different reactive groups upon the toxin molecule. If the 
number of each reactive group on the toxin is equal to or is greater than 
N, (the maximum number of antitoxin molecules that can be arranged on 
the surface of the toxin molecule) it makes no difference which assump¬ 
tion is made. In one case the different antitoxic groups would be com¬ 
peting for the same toxin groups and in the other for the same spaces on 
the toxin molecule. At equilibrium: 

(A - X) (NT - X - Y) - faVX. 

(A — Y) (NT — X — 7) = kiVY. 

where 

A = Number of antitoxin molecules in the system. 

T = Number of toxin molecules in the system. 

X = Number of A% antitoxic groups that have reacted. 

Y = Number of A 2 antitoxic groups that have reacted. 

N = Valence of toxin. V = Volume. 

h = Dissociation constant for Ai groups. 

fa = Dissociation constant for A% groups. 

(A — X) Number of unreacted Ai groups in the system. 

(A — Y) Number of unreacted A 2 groups in the system. 

(NT — X — Y) Number of unreacted toxin groups in the system. 
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From these equations the relationships, 

Y = . . x where k' = 


A + (V - l)x 

NT — x + y -f 


g’ and 


hVx 


A — x 

may be obtained. 

If X and Y are expressed as fractions of the total antitoxin present, 
the product XY gives the fraction of the antitoxin with both reactive 
groups in combination, and XYA the number of antitoxin molecules 
so combined. 

Only those toxin molecules which are combined with at least one anti¬ 
toxin molecule that has both groups in combination, can be part of the 
aggregate and thus be in the precipitate. 

The number of molecules of toxin of valence N bound by XYA mole¬ 
cules of antitoxin is given by the formula: 

T' = 


/ 2 xyA 
\ NT 


)"], 


This formula may be obtained either by an application of the law of mass 
action to this reaction, or by an application of the law of probability if 
it is assumed that a perfectly random distribution of the antitoxin mole¬ 
cules exists on the surface of the toxin. 

If the proportion of the toxin groups in combination with antitoxin is 
the same in the precipitate as in the system as a whole the number of 
antitoxin groups in the precipitate would be 

! x +j?V' 

V NT ) • 


The number of antitoxin molecules in the precipitate would be 

N (^r) T ' - XYA. 

These relationships enable one to calculate the number of toxin and 
antitoxin molecules in the floccules for any value of k h and N. These 
numbers may be converted into experimental units by assuming that 
the total antitoxin nitrogen in the system is equivalent to one molecule 
of antitoxin. The toxin nitrogen equivalent to one valence unit of 
toxin would then be 


Molecular wt. Toxin x %N « Valence Antitoxin 
Molecular wt. Antitoxin x %N • Valence Toxin 


X Total Antitoxin N* 


and the nitrogen equivalent to one molecule of toxin, N times this value. 

Pappenheimer and Robinson 7 give values for a system containing 
0.48 mg. of antitoxin nitrogen. Using their values for the molecular 
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weight and nitrogen content of toxin and antitoxin the theoretical curve 
for toxin of valence 4 has been calculated when values of 10~ 8 and lOr* are 
assumed for the two dissociation constants. 

Figure 6 compares the theoretical curve with the experimental values 
and shows that good agreement is obtained up to the point where the 
precipitate begins to dissolve in an excess of toxin. No attempt has 
been made to explain the reaction beyond this point. 

It would appear that the differences in the reaction of an antigen with 
antibody formed in a rabbit and the reaction of diphtheria toxin with 



Figubb 6. Diphtheria toxin-antitoxin flocculation reaction. Curve calculated from theory. Circles 
represent experimental points. 
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antitoxin formed in a horse can be adequately explained by assuming 
that rabbit antibody has two reactive groups which are alike and horse 
antitoxin has two groups which are different in their reactivity. 


SUMMARY AND CONCLUSIONS 


It has been shown that the equation, 

y = 2 Bx - -j- , 


derived by Heidelberger and Kendall 16 by an application of the mass 
law to the precipitin reaction can also be derived by assuming that anti¬ 
body has a valence of 2 and that there is a random distribution of the 
antibody groups between the available reactive groups upon the antigen. 
Although the equation is strictly true only in an irreversible system 
where all of the groups upon both the antigen and antibody molecules 
react alike, the effect of dissociation in a reversible system has been 
shown to be negligible except in the region of the equivalence point if the 
dissociation constant is small. Great variation can exist in the re¬ 
activity of individual antigen groups without producing any great devia¬ 
tions from this formula as long as the antibody is homogeneous. How¬ 
ever, if the antibody is not homogeneous significant differences from this 
formula would be predicted. 
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EQUINE ANTIHEMOCYANIN 

By Sanford B. Hooker and William C. Boyd 

From the Evans Memorial , Massachusetts Memorial Hospitals, 
and Boston University School of Medicine. 

INTRODUCTION 

Analysis of antigen-antibody compounds, especially the soluble ones, 
is facilitated and made more precise and dependable when the antigen 
(or antibody) contains a structure such as a metallic ion, 1 " -3 dye, 4 or iso¬ 
tope 5 that is accurately measurable in low concentration. The copper- 
content, the large molecular size, and the high antigenicity of hemocyanin 
are properties offering considerable advantages for such analyses. 6 It 
is desirable to study the characteristics of equine antibody because a 
large variety of therapeutic sera are derived from horses and bleedings 
of a size ample for adequate study can be obtained during the course of 
immunizing individual animals. In 1935 we obtained only a trace of 
precipitin from a horse immunized with Limulus hemocyanin by the 
Massachusetts Antitoxin and Vaccine Laboratory. Pappenheimer 7 
succeeded in producing antiovalbumin in a horse and we have recently 
obtained a powerful equine antihemocyanin some of whose properties 
are herein described. 


Preparation of the Antigen 

Hemocyanin from the blood of Busycon canaliculatum was purified by 
three successive precipitations near the isoelectric point (pH 4.5). The 
material was dissolved with the minimal amount of alkali, adjusted to 
about 1 per cent concentration, rendered isotonic by addition of salt, 
and passed through a Berkefeld filter. 

None of the numerous lots of hemocyanin was found to be sterile after 
Berkefeld filtration, unless a preservative (Merthiolate) had been added. 
They all contained a coliform bacillus which was cultivable but which in 
broth would not pass the filter. The hemocyanin thus prepared had the 
usual nitrogen/copper ratio of about 60, varying somewhat in different 
lots. From this, and from direct observation of smears, it was apparent 
that only a very small fraction of the nitrogen in our preparations could 
have been due to bacteria. Also, before filtration the preparations were 
centrifuged, which would reduce the number of organisms. This con¬ 
tamination of our antigen must be mentioned although it appears to be 
unimportant. 
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Preparation of Antiserum 

The Lederle Laboratories very kindly immunized a horse (A633) with 
the hemocyanin. All injections except the first were given subcutan¬ 
eously, starting with very small quantities. The amount of the third 
bleeding was small. Following the fourth bleeding the horse was in such 
poor condition that he was exsanguinated. Dates and doses are given in 
table 1. 


Table 1 
Hobsb A633 


Injected with Hemocyanin of Bu&ycon canaliculcUum* 


Date 

Dose 

Date 

Dosef 

1939 

ml. 

1939 

ml. 

6/29 

1 

8/25 

20 

7/5 

1 

8/30 

Bleeding 1 


2 

8/31 

20 

7/14 

3 

9/5 

20 

7/19 

4 

9/12 

Bleeding 2 

7/24 

5 

9/26 

40 

8/1 

5 

9/29 

15 

8/4 

5 

10/3 

15 

8/8 

10 

10/6 

15 

8/11 

10 

10/13 

Bleeding 3 

8/17 

20 

10/16 

Bleeding 4 

8/22 

20 

10/20 

Bleeding 5 


* The last S injections contained 4 per cent protein; all others 1 per cent. Total hcy-N injected 
was 566 mg. 

t Assuming that the horse contained 25 L of "serum'* then at the time of the first bleeding 84 grams 
of circulating antibody had been produced per gram of hemocyanin injected; the corresponding figures 
for the 2nd and 4th bleedings are 82 and 57 (assumed N-factors: ab, 6.25; hey, 6.45). 


Necropsy revealed a “badly abused liver, about to rupture.” Our 
previous attempt to immunize a horse against Limulus hemocyanin also 
led us to suspect that hemocyanin is toxic to horses. The animal died 
“with hallucinations.” Rabbits, on the other hand, almost invariably 
tolerate the injections well. Purified Busycon hemocyanin does not 
agglutinate the erythrocytes of horse or rabbit. 

The successive bleedings had antibody-nitrogen contents of 0.19, 
0.74, 1.15, and 0.94 mg./ml. when redetermined after 15 months with 
the pooled lot of hemocyanin now being used. Figures obtained when 
the sera were fresher were but slightly larger; the antibody appears to 
be pretty stable. A sample of serum from the fourth bleeding, lyophil- 
ized immediately, now contains 1.32 mg. ab-N/ ml. The antibody was 
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almost entirely in the “pseudoglobulin I” fraction of the serum-proteins, 
as thrown down with sodium sulphate according to Howe. 

The coliform organism grown from the hemocyanin was agglutinated 
by the immune sera in dilutions up to 1:25 or 1:50 but there was a 
decrease in the agglutinative potency of the sera from the later bleedings, 
and sera from two other horses not injected with hemocyanin also caused 
about the same degree of agglutination. Three samples of rabbit-anti- 
hemocyanin contained no agglutinin for the organism. Thus, this 
contaminant appeared to have no antigenic significance for the system 
under investigation. 

SEROLOGICAL CHARACTERISTICS 

The most prominent feature of the behavior of this antibody is its 
similarity to diphtheric antitoxin and equine anti-ovalbumin, in that no 
visible reaction occurred in the region of excessive antibody, in contrast 
to antihemocyanin or antitoxin from the rabbit. However, the zone in 
which visible reactions did occur was very much broader than was the 
case with either of the other equine antiproteins mentioned. This will 
be apparent from the determinations of nitrogen in precipitates made 
with various mixtures of antigen and antiserum, shown in table 5 and 
figures 1, 2 and 3. 

Precipitative Reactions 

In the zone of equivalence or of slight excess of antigen, no significant 
difference was observed in the amounts of precipitate obtained after 2 
hours at 37°, or at 24 hours or 48 hours in the icebox (table 2). 

Table 2 

Showing Completeness of Precipitation after Two Hours m Zone 
of Equivalence and of Slight Antigen-Excess. 

Average of Duplicate Analyses. 


Time 

Temp. 

Hcy-N added 

Serum 

Total N 

Hcy-N in super. 

hr. 

C. 

T 

ml. 

r 

T 

2 

37° 

274 

1 . 

810 

__ 

24 

6° 

274 

1 . 

582 

— 

48 

6° 

274 

1 . 

615 

— 

2 

37° 

274 

0.25 

152 

9 

24 

6° 

274 

0.25 

185 

6 

48 

6° 

274 

0.25 

139 

10 


Several experiments were set up in which the same amounts of reagents 
in varying volumes (from 1 to 27 ml.) were used. The amount of pre- 
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cipitate formed from mixtures in proportions corresponding to the mid¬ 
point of the equivalence-zone diminished progressively with increasing 
volume. The decrease seemed to be greater than could be accounted for 
by simp le solubility of the precipitate (table 3). 


Table 3 

Influence of Concentration upon Amount of Precipitate 
H 6335 0.5 ml. + 500 y Hemocyanin-N (in equivalence-zone) 


Volume Total ppt-N 


ml. 


1 . 

All 


Washed each 

1190 

Diff. 

5. 

at 


sediment with 

977 

-213 

25. 

37° 


1 ml. ss after 

869 

-321 

1 . 

120* 

Sed. -{- 5. ml. 

refrigeration 

1105 

- 85 

1 . 


Sed. *f 25. ml. 

over night 

1041 

-149 


The solubility in saline of a precipitate made in the region of slight 
antibody-excess and already washed three times was determined by 
repeated 3-day extraction in the icebox. It was found that the solubility 
depended on the total amount of precipitate present, and on the number 
of previous extractions with saline. The solubility of a pure homo¬ 
geneous substance should not depend on either of these factors. The 
solubility was observed to vary from about 40 y N/ml. saline to 0.1 
7 N/ml. The solubility after 6 extractions was decreasing much less 
rapidly than at first, but had not become stationary. Beyond this point 
determinations required volumes too large to be practicable (table 4). 
We may regard the solubility-behavior as evidence of the non-uniformity 
of the precipitate. 


Table 4 

Solubility in Saline of Thrice-Washed Precipitates 
(r N/ml) 


Extraction 

Volume of extractant 

Ml. saline/g precipitate-N 


333 ml 


1 

37.9 T 

21.1 y 

2 

16.9 

33.6 

3 

8.2 

2.4 

4 

5.6 

2.6 

5 

3.6 

1.1 

6 

0.4 

0.1 
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Antihemocyanin when heated to 70° for 30 minutes lost its power of 
precipitating hemocyanin. Such heated serum also greatly retarded the 
rate of flocculation of hemocyanin with unheated serum, but did increase 
the amount of nitrogen in the precipitate from such a mixture. In one 
experiment the increase in amount of precipitate-N was considerably 
greater than the antibody-N present in the serum before heating. 
Heated heterologous antisera gave no increase detectable by simple in¬ 
spection of the centrifuged precipitates. Quantitative data will form 
the basis of a subsequent report. It is of interest to note the essential 
similarity of the behavior of this heated serum and the non-precipitating 
antibody (“univalent” 7 ’ 8 ) present in Pappenheimer’s horse during the 
early stage of immunization with ovalbumin. Has the effect of heating 
been to render the antibody “univalent” or to impair its firmness of 
union with antigen, perhaps by some reduction in the complexity of its 
combining group? 


Table 5 

Precipitation of Hemocyanin with Lyophilized Sebum A633* 
Calculated to 1 Ml. of Antiserum. (Duplicate analyses). 


Hcy-N 

added 

Total N 

Hcy-N detected in 

Ab-N detected in 

“R”2 

ab/ag 
in ppt. 

Mol. R3 
ab/ag 

Ppt. 

Super. 

Ppt. 

Super. 

T 

149 

h 

Y ? 

T 

0 

T 

r 

+ 



196 

770 

AH? 

0 

574 

+ 

2.93 

147 

294 

13221 

All? 

0 

1028 

+ 

3.50 

175 

392 

1560 

All? 

0 

1168 

+ 

2.98 

149 

490 

1760 

All? 

0 

1270 

0 

2.60 

130 

588 

1912 

All? 

0 

1324 

0 

2.26 

113 

686 

1971 

AH? 

0 

1285 

0 

1.87 

94 

784 

2108 

AH? 

0 

1324 

0 

1.69 

85 

980 

2282 

All? 

Tr. 

1302 

0 

1.33 

67 

1383 

2584 

1361 

22 

1223 

0 

.89 

45 

1844 

3042 

1790 

54 

1252 

0 

.70 

35 

2305 

2854 

1813 

292 

941 

0 

.49 

25 


i One determination lost. 

3 The ratio* outride the cone of equivalence are not reliable; fee text. 
3 Taking m. w*s. as 160,000 and 8,000,000. 


Mixtures of serum and antigen containing any considerable excess of 
either reactant yielded no precipitate. These zonal effects were not ob¬ 
served when the interfacial technic was used. With this technic the 
stratum of precipitate usually lies above the plane of junction of the re¬ 
agents, t.e., in the overlying antigen. We have not observed this with 
rabbit-sera. It could be attributed to the solubility of the precipitate 
in excess of equine antibody. 
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On each of the four large bleedings we made a fairly complete study 
of the relation between composition of precipitate and the proportion in 
which the reagents were mixed. Some precipitate was obtained even 
with several times the optimal amount of antigen. The maximal pre¬ 
cipitate fiom a given volume of serum was usually obtained with an 
amount of antigen somewhat greater than the optimal (Dean and Webb) 



Figure 1 . Total nitrogen and antibody-nitrogen precipitated from 1 ml. of fifth bleeding of horse 
683 (antihemocj amn) and Papenheimer’s horse 728 (anti-ovalbumin). (Done while serum was fresher 
than m figures 2 ana 3). Note concavity near top, ignored here, but evident also in figures 2 and 3. 

amount, although in the supemate little if any antigen remained (table 
5 and figures 1 , 2 and 3). 

With the possible exception of the equivalence-zone ratios, the pro¬ 
portions of antibody and antigen in precipitates cannot be determined 
accurately by ordinary serological methods. Soluble compounds con¬ 
taining both antigen and antibody remain in the supemate, so it is 
impossible to assume that all of one reagent is precipitated and thus to 
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Figure S. Antibody-nitrogen precipitated from 1 ml. of different bleedings of horse 638 and the third bleeding of rabbit 246, by varying amounts of antigen. 
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calculate the composition of the precipitate from measurements of nitro¬ 
gen alone. The “linear-zone” method 9 proposed for deteimination of 
residual antigen was not satisfactory for these supei nates even when 
there was a large excess of antigen. Theiefore the ratio of antibody to 
antigen in the precipitates could only be determined by making analyses 
for copper as well as nitrogen. Preliminary determinations by this 
method showed that the ratio of antibody to antigen in the precipitate 
depended on the proportion in which the reagents were mixed, as usual. 
At the midpoint of the equivalence-zone it averaged about 1:2. From 
this point the ratio increased or decreased as the proportion of antibody 
to antigen in the mixtures was made greater or less. At the time of 
writing, sufficient analyses for copper are not at hand to permit more 
detailed statement. 

The antiserum reacted strongly with hemocyanin from the closely 
related B . canca, and the quantitative data do not suggest any striking 
diffeience between the two antigens, although a detailed study of the 
similarity or possible identity of these two antigens has not yet been 
undertaken. 


Rates of Precipitation 

Different lots of hemocyanin varied considerably in the speed of 
flocculation with immune serum although the amounts of precipitate 
obtained were not very different. As in other systems, the rate of floc¬ 
culation depended on the absolute concentration of reagents and on the 
ratio in which they were mixed. For any concentration of antibody, a 
certain concentration of antigen gave the most rapid flocculation (Dean- 
and-Webb optimum), the proportion between these concentrations being 
the same irrespective of the actual amounts used (table 6). With con¬ 
centrated reagents, virtually equal speeds of particulation were observed 
over a moderate range of proportions; with dilute reagents a “dead heat” 
was less often observed. If the optimum was determined by holding the 
concentration of antigen constant and varying the antibody (Ramon 
titration) the optimal-proportions point was not the same. As a con¬ 
sequence of this usual difference between the two optima, it was observed 
that flocculation in a mixture which was optimal according to the 
Dean-and-Webb titration could be speeded up by the addition of more 
antiserum. 


Heat of Reaction 

An attempt to measure directly the heat of an antibody-antigen re¬ 
action was made by Bayne-Jones. 10 It is generally considered 11 that 
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his result is much too high. With Kistiakowsky, et al., we made measure¬ 
ments of the heat evolved when the hemocyanin reacted with serum 
(table 7). In the region of antibody-excess where no precipitate is 
formed, a value of 3.0 calories per gram of antigen-nitrogen was found. 
As the molecular weight 12 of the antigenf is 6,800,000, this corresponds 
to about 3,300,000 calories per mol of antigen. It is believed that this 


Table 7 

Heat Evolved on Mixing Hemocyanin with Normal and Immune Sera 



i 

Heat 

evolved 

-AH 
keal. x 
10- 8 per 
gm. hcy-N 

-AH 
keal. 
per mol 
hey 

Calc. 
-AH 
keal. 
per mol 
antibody 

Scries 1. 

(1) weak hey + 
immune serum 

(2) weak hey + 
normal serum I 

(1) - (2) 

Cal. 

+0.350 

0.000 

+0.350 

2.78 

3027 

35.6 

Series 2. 

(1) weak hey + 
immune serum 

(2) weak hey + 
normal serum II 

(3) weak hey + 
normal serum III 

(1) —[(2; + (3j]/2 

+0.405 

+0.045 

-0.090 

+0.428 

3.58 

| 

3900 

45.9 

(4; strong hey + 
immune serum 
(5) strong hey + 
normal serum IV 
(4) - (5) 

+0.144 

+0.045 

+0.099 

0.11 

116 

2.7* 


* 


Calculated for antibody reacting with the second addition of hemocyanin. 


value is probably accurate to about 20 per cent. By extrapolation from 
analyses of specific precipitates, it was calculated that the above result 
corresponds to about 40,000 calories per mol of antibody. The magni¬ 
tude of the result would presumably be different when the antibody and 
antigen were mixed in different proportions, and would probably be 
different for antigens of different molecular weights on account of the 
different numbers of specific combining groups. 

t Since we began working with hemocyanins the estimates of some of their molecular weights have 
steadily risen and it is not certain that the upper limit has been reached. It has not always been clearly 
stated why these revisions have been made. The reader of some of our earlier work may multiply or 
divide our results by the factor that seems appropriate to him. 











Table 8 

Complement-Fixation 
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Complement-fixation 

This system fixed guinea-pig complement strongly. Complete fixation 
occurred with quantities of antigen and of antibody that entirely in¬ 
hibited precipitation. It also occurred with very small quantities of 
antigen; distinct fixation could be obtained with quantities as small as 
1 7 of antigen-nitrogen; 30 7 was the smallest amount giving complete 
fixation (table 8). This is in marked contrast to the behavior of a 
weaker rabbit-antihemocyanin (R245s) that gave complete fixation with 
0.13 7 and definite fixation with 0.008 7 antigen-N (1:125,000,000). 
The rabbit-antiserum exhibited two very distinct zones of fixation, hav¬ 
ing maxima at amounts of antigen-nitrogen of about 0.25 7 and over 
1000 7 respectively. Serum from the first bleeding of the horse gave 
s imil ar zones, but the zone of fixation with the small quantities of antigen 
was not observed in tests on the later bleedings. These zones are con¬ 
sidered to indicate the presence of at least two qualitatively different 
antigenic components or determinants in our preparation of hemocyanin. 
Lyophilized serum was distinctly more anticomplementary than un¬ 
treated serum. 

Molecular ratios ( ab/ag ) in mixtures giving complete fixation (table 8) 
are presented in table 9. These ratios must be considered in attempts 
to formulate a mechanism of the complement-fixation reactions. 


Table 9 

Molecular Ratio of Antibody to Antigen in Mixtures Giving 
Complete Complement-Fixation (from table 8) 


Serum 

1 Antigen-nitrogen 

ml. 

1000 

500 

250 

125 

63 

HI 

16 

0.04 

1.8 

3.6 

7.2 

14.4 

29 



0.02 


1.8 

3.6 

7.2 

14 

■ H 


0.01 


0.9 

1.8 

3.6 


■ ■ 


0.005 


0.5 




■ 


0.0033 






■ 



The range of proportions observed to give complete fixation is seen to be 57/0.15 or a 880-fold range. 
Partial fixation occurred at ratios extending from 1824 to .05, or a 36,480-fold range. 

For these estimates the m. w. of antibody was taken as 160,000 and of antigen as 8,000,000. 


The heated antiserum already mentioned, which did not precipitate 
but which did inhibit precipitation, when tested for complement-fixation 
gave weaker positive reactions and did not inhibit or increase fixation by 
unheated serum (table 10). 
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Table 10 

Fixation with Heated Antiserum 


Serum 

H 6335 

Y Antigen-nitrogen 

70° 30' 

1000 

500 

250 

125 

63 

31 - 0.5 

.04 ml. 

3+ 

2 

1- 

T+ 

T 

0 

.02 

2- 

1 + 

T 

T 

T 

0 

.01 

T+ 

T 

T 

0 

0 

0 

.005 

Unheated 

T 

0 

0 

0 

0 

0 

.02 

4 

4 

4 

4 

4 

2+ 2+ 1- 

+.02 70° 

4 

4 

4 

4 

3+ 

3 2- 1- 


Several workers have failed to obtain complement-fixation with horse- 
antisera. 13 Dean 14 observed fixation by mixtures of crude toxin and 
antitoxin, but realized that it might “be due to the interaction of other 
antigens” (than toxin). Fixation with meningococci 15 and pneumococ¬ 
cal protein 16 have been reported. We found that Pappenheimer’s 
equine anti-ovalbumin gave definite fixation. These differences in fixa¬ 
tive behavior of equine antisera do not seem readily explainable. 

Passive Anaphylaxis 

It is also known that most investigators excepting Bailey, et. al. 17 
have been unable to sensitize the guinea pig passively with equine anti¬ 
serum. We also failed to demonstrate passive anaphylaxis in guinea 
pigs previously injected with any dose of our serum within a wide range 
(1.0 to 0.005 ml.). For once the parallelism usually found between the 
fixative power of a serum and its ability to sensitize passively seems to be 
lacking. Typical fatal shock was induced in guinea pigs passively 
sensitized with rabbit-antihemocyanin containing an amount of anti¬ 
body within the range of quantities given in the experiments with the 
equine serum. 


SUMMARY 

A powerful antiprotein was produced by injecting a horse with 
hemocyanin. Its serological behavior resembles strongly that of 
diphtheric antitoxin and equine anti-ovalbumin. This supports 
Pappenheimer’s suggestion that equine antiproteins may have definite 
properties in common, distinguishing them from rabbit-antibodies and 
from equine anticarbohydrate. The heat of reaction was measured. 
The antiserum, especially when diluted, precipitated hemocyanin over a 
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relatively narrow range of quantity; it fixed guinea-pig complement 
strongly, but did not sensitize guinea pigs passively. The serum after 
moderate heating developed properties resembling those of “imperfect” 
or “univalent” antibody previously postulated by Heidelberger and 
by Pappenheimer. 
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INTRODUCTION 


The purpose of this article is four-fold. The first objective is to 
identify and record a small number of Bryozoa collected in Puerto Rico, 
Guatemala and Utah by several workers. The second objective is to 
describe a new variety of Plumatella repens from Guatemala. The third 
objective is to add a number of details to the meager morphological data 
for certain species. These additional data include complete illustrations 
and measurements of all essential and diagnostic parts. Such measure¬ 
ments are lacking for a number of bivozoan species. The fourth ob¬ 
jective is to make some suggestions in regard to the standardization of 
morphological or taxonomic data for the fresh-water Bryozoa. 

The following Bryozoa are described in this paper:— 

Class BRYOZOA Ehrenberg 1831 

Order Gymnolaemata Allman 1856 

1. Paludicella pentagonahs Annandale 1916 

Order Phylactolaemata Allman 1856 

2. Pedinatella magnified Leidy 1851 

3. Hyahnella vaihiriae Hastings 1929 

4. Plumatella repens (Linnaeus 1758). Lamarck 1816 

a. variet 3 r annulata Hozawa & Toriumi 1940 

b. variety emarginata (?) (Allman 1844). Yangel 1894 

c. variety typica Kafka 1887 

d. variety osburm new variety 

The writers wish to express appreciation to Dr. Henry van der Schalie 
and Dr. Carl L. Hubbs of the Zoology Museum, Lhiiversity of Michigan, 
who collected and turned over to us the specimens from Guatemala and 
Puerto Rico. 

COLLECTION DATA 

The material came from five collections: the first collection was made 
in L'tah by C. J. D. Brown; the second, third and fourth were made in 
Guatemala by Henry van der Schalie and Carl L. Hubbs; the fifth was 
made in Puerto Rico by Henry van der Schalie. 

The first collection was made on July 28, 1931, where the Lincoln 
Highway (U. S. 30) crosses Bear River in Box Elder County, Utah. 
Here the river banks are steep to the water’s edge. The water was 
alkaline and very murky, carrying a heavy load of silt. Visibility was 
limited to an inch or so. Almost every" stick and stone pulled from the 
river was covered with a dense growth of Hyahnella vaihiriae. 

The second collection was made on March 18, 1935, from San Pedro 
River about 5 miles east of Paso Caballo, Peten Department, Guatemala. 

( 125 ) 
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The specimens of the only variety ( Plumatella repens var. annulata) 
collected in that locality were obtained from depths of 6 inches to 5 feet. 
The water was warm and the current was rather irregular-swift in the 
gravel-bottomed riffles and slow in the sand- and mud-bottomed pools. 

The third collection was made on March 28, 1935, from a creek at the 
east end of the south arm of Lake Peten, Peten Department, Guatemala. 
The creek was almost dried up at that time except for small pockets of 
water near its banks. The gravel and rubble bottom was overlaid with 
mud and patches of decomposing terrestrial vegetation. Bryozoa were 
fairly common on stones and other material in water only a few inches 
deep. The species found here were Paludicella pentagonalis and Pluma¬ 
tella repens var. emarginata (?). 

The fourth collection was made on April 9, 1935, from a small arroyo 
entering Pasion River from the north, just east of Seibol, Alta Vera Pas, 
Guatemala. This small stream was about 10 feet wide and 1 to 12 
inches deep in the spot where Bryozoa were found. The stream bottom 
was composed of irregular loose limestone rock, partially covered with 
sand and gravel. Practically no vegetation grew there but Bryozoa 
were said to be abundant on the underside of stones. Pectinatella 
magnifica and Plumatella repens var. osburni were the two forms collected 
in this locality. 

The fifth collection was made on March 13, 1941, from a small stream 
3 miles west of Ponce, Puerto Rico. The stream was low and polluted 
by livestock from nearby fields. The gravel and rubble stream bottom 
was partly covered by an accumulation of fallen leaves and twigs. 
Scraps of Plumatella repens var. typica grew on some of the leaves. 

The above ecological data for collections 2 to 5 were secured from the 
field notes of Dr. van der Schalie. 

To our knowledge there are no previously published records of fresh¬ 
water Bryozoa from Guatemala, but recently Plumatella repens has been 
recorded by Osbum (1940, p. 467) from Rio Piedras, Puerto Rico. 

MORPHOLOGICAL DATA 
Paludicella pentagonalis Annandale 1916 

Heretofore this species has been reported only once, by Annandale 
(1916), from Lampam, at the edge of Patalung River near its entrance 
into the Tal6 Sap, Singgora Province, peninsular Siam in January 1916. 
Since then it had not been found in any other locality until collected from 
Lake Peten, Guatemala on March 28, 1935 by Hubbs and van der 
Schalie. 

Annandale described this species from scraps of material, picturing an 
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orifice and three zooids and giving three measurements. Our figures 
35 to 46 supplement his observations. Annandale mentioned (1916, 
p. 30) that one zooid was about to produce a young resting bud (hiber- 
naculum), the dimensions of which prove to be smaller than the minimum 
figures for the Guatemalan specimens. His measurements, as well as 
additional and more complete ones by the present writers, are included 
in table 1. 

The Guatemalan Pahidicella fragments were almost entirely material 
from the basal, attached part of the colony (figures 44 to 46; where the 
zooecia are more distorted than those from more distal parts of the 
colony. On the basis of available information and specimens, the out¬ 
standing features of this species are: (1) the pentagonal orifice through 
which the tentacles may be protruded; (2) the distorted shape of the 
zooecia; (3) the stolon-like sections sometimes found between zooecia; 
and (4) the general appearance of the hibemacula. 

The orifice of a closely related species, Pahidicella orticulata , is un¬ 
mistakably quadrangular but that of P. pentagonalis is not always so 
sharply pentagonal. The angle at which the orifice is viewed and the 
degree of tentacular retraction influence the interpretation. When the 
tentacles are retracted deep into the interior of the animal the orifice 
looks almost circular (figure 45). When less retracted, the orifice may 
appear broadly triangular (figure 41); at other times, irregularly quad¬ 
rangular (figure 44); and when most favorably oriented, definitely 
pentagonal (figure 42). Actually, the orifice is pentagonal at the free 
end and becomes circular in outline as it approaches the swollen body of 
the zooid. In the older zooecia (figure 42), the orifice is reinforced at 
the angles by narrow chitinous strips which seem stronger at one or 
two comers than elsewhere. 

Tentacles number approximately 16, although the number is difficult 
to determine accurately in dead specimens (figure 35). 

The basal zooecia (figures 44 to 46) are more distorted, dilated and 
irregularly shaped than comparably located ones of P. articulata. The 
more typical or regular shape is shown in the upper zooid of figure 43. 

Relatively inconspicuous short stolon-like tubes connect some of the 
zooecia (figures 45 and 46). Potts (1884, p. 213) reported, for Paludi - 
cella ereda (now Pottsiella ereda) } “meandering cylindrical rhizomes, 
sometimes of great relative length . .. mostly ... simple, but.. . some¬ 
times branched.” The few stolonate extensions observed in Pahidicella 
pentagonalis are all rather short, simple and tubular. Some may be 
tipped with hibemacula (figure 43) while others merely connect zooids 
(figure 46). 
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Hibernacula, which are aggregations of germinative tissue enclosed in 
a chitinous capsule are found in a small group of fresh-water Bryozoa 
to which Paludicelln belongs. Past observers credited these stages with 
tiding P. articulata over winter or similar unfavorable periods. Hiber¬ 
nacula are known to occur between October and April. However, the 
senior author has found them fairly abundant throughout the summer 
months also, in collections made in Lake Erie from June to September, 
1933. These data are of course for P. articulata rather than for P. 
pentagonalis, since the latter species has been recorded only once pre¬ 
viously (Annandale 1916). The Guatemalan collection of March 28, 
1935 showed a number of well formed hibernacula (figures 36 to 40). 

Hibernacula are of several general and intergrading types. Types 
1 and 2 occur in P. articulata , type 3 in P. pentagonalis. Type 1 is 
external to the zooecia, flattened, often rather pointed at one end, fairly 
broad in proportion to length, shorter than the parent zooecium and 
rather irregular in outline. It is pictured or described b} r Kraepelin 
(1887, p. 117), Harmer (1913, p. 442 and figure 1), Rogick (1935, 
figure 11) and others. Type 2 is either external or internal in position, 
much elongated, spindle-shaped or fusiform, and approaches in size the 
normal zooecia. This type is represented in collections of Hurrell and 
Harmer (1913, p. 443 and figures 2 to 10). Type 3 (figures 36 to 39, 
43 and 44), from the Guatemalan P. pentagonalis, is external in position, 


Table 1 

Measurements of Paludicella pentagonalis 
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elliptical or more rounded in surface outline than the preceding types and 
flattened like type 1 in the third dimension. It is smaller than the 
ordinary zooids. The free surface is curved and quite regular in outline 
( figures 36 and 38). The attached surface is flat and often has its out¬ 
line slightly obscured by the cement which attaches the hibemaculum 
to the substratum (figures 37. 39 and the left, broken one of figure 44). 
The hibemacula in all cases are opaque, possess a quantity of yolk and 
germinative material and are enclosed in a firm chitinous capsule which 
cracks open when germination takes place. Those in the collection seem 
to be in the developmental rather than in the hatching stage. 

The digestive tract is built on the P. articulata plan except that funiculi 
were not accurately discernible in the dead specimens. Annandale en¬ 
countered the same difficulty with his specimens. 

The musculature also is similar to that of P. articulata (figure 44). 

Lateral buds and branches seem very scarce in P. pentagonalis but the 
colonies examined w T ere all small, mere scraps of material. 

Pectinatella magnifies Leidy 1851 

This is a common and easily identified species, hence nothing need be 
said about its descriptive features. Only a single valve from a germi¬ 
nated Pectinatella statoblast was found, mixed with Plumatella zooecia, 
from Pasion River at Seibol, Guatemala on April 9, 1935. It is pictured 
in figure 31. Its measurements are: 


Total length of statoblast. 0.96 mm. 

Total width.79 

Capsule length.65 

Capsule width.58 

Float diameter.183 to .21 

Spine length, average of 6 readings.168 


Hyalinella vaihiriae Hastings 1929 

Like P. pentagonalis , this species (figures 1 to 9 and 11 to 13) has 
been found only once previous^. It was originally described from a 
mountain tarn. Lake Yaihiria, in Tahiti by Hastings (1929, pp. 308-310). 
The present specimens were collected by the junior author in Bear 
River, Utah on July 28, 1931. 

Figures 3 to 9 and table 2 present additional diagnostic material for 
this species and thus supplement the excellent description already given 
by Hastings. The colony features and the floating statoblasts of the 
Utah Hyalinella (figures 1, 2, and 11 to 13) agree closely with the 
description of the Tahiti specimens. 
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Many fresh-water Brvozoa show two types of statoblasts (chitin- 
eneapsuled resting or germinating bodies)—the floating and the sessile 
types. Some Bryozoa possess one type, others possess both types. 
Hyalinella punctata is reported to have both t 3 T pes (Borg, 1930, p. 120). 
Hastings (1929) reported finding only the floating type in H. vaihiriae, 
but the Utah specimens of the same species furnished both floating 
(figures 11 to 13j and sessile (figures 3 to 5) statoblasts. 

In addition to these two standard types of statoblasts a few examples 
of an intermediate type were found in the Utah Hyalinella (figures 6 
to 8). Ten' few references to this type occur in the literature. Kraepelin 
(1892, p. 52 and figure 127) stated that many such intermediate stato¬ 
blasts were found in a Plumatella polymorpha fungosa colony. These 
statoblasts are considered intermediate in view of the nature of the 
chitinous lamella (float or annulus) extending peripherally from the 
capsule (figure 8) . In the floating type of statoblast (figures 11 to 13) 
this annulus is very thick and composed of numerous tin}' “air cells” or 
chambers, while in the sessile type (figures 23 and 24) it is much thinner 


Table 2 

Measurements of Hyalinella vaihiriae 



Maximum 

mm, 

1 

Minimum 

mm. 

i 

Average 

mm. 

No. of 
readings 

Free statoblasts j 

1 




Total length. 

Total width.■ 

! 0.41 

0.32 

0.356 

50 

1 .28 

.22 

.251 

50 

Capsule length., 

Capsule width. i 

Float \ 

Dorsal side I 

.335 

.25 

.288 

50 

.25 

.20 

.223 

50 





Length.1 

l .095 

.06 

.076 

21 

Width.j 

Ventral side 

.05 

.02 

.034 

19 

Length. 

Width. 

.06 

.03 

.043 

35 

.03 

.015 

.020 

31 

Sessile statoblast 





Total length . 

Total width . 

.47 ! 

.41 

.438 

16 

.40 

.32 

.351 

15 

Capsule length . 

Capsule width . 

.42 

; .37 

.388 

16 

.345 

i .275 i 

.305 | 

15 

Float diameter . 

Cement ring diameter, at 

.055 

| .02 

.030 

33 

edge of capsule. 

.03 

j .01 

.015 

7 

Ectoevst tube diameter or width 

1 .93 

.42 

[ .623 

31 

Ectocyst tube wall thickness.. 

, .07 

.05 

.054 

7 

Endocyst tube diameter or width... 1 

.51 

1 

.12 

| .342 

26 
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and far less “cellular’ (figure 10). These facts raise the question of 
whether one type may be transformed into the other under certain cir¬ 
cumstances. The intermediate statoblasts found in the Utah specimens, 
as far as measurements and proportions are concerned, bear a stronger 
resemblance to the floating statoblasts than to sessile statoblasts. 

Identification of H. vaihiriae is far less easy than that of the two pre¬ 
ceding forms, Paludicella and Pectinatella , for several reasons. One is 
its close resemblance to two other species known variously in current 
literature as Plumatella repens var. fioigosa and Hyalinella punctata . 
The second difficulty is that the diagnostic features of the two similar 
species are so obscure or confused that identification is not always cer¬ 
tain. The Utah specimens are definitely not P. repens fungosa because 
their ectocyst {figures 1 and 2), is distinctly of the Hyalinella type 
rather than of the Plumatella type (figure 30). There is a closer rela¬ 
tionship between H. vaihiriae and H. punctata but the difference between 
them lies in the shape and general appearance of the statoblasts. Krae- 
pelin’s (1887, pp. 127-128) description of the two varieties of Plumatella 
punctata (now Hyalinella) is inadequate for diagnostic purposes because, 
after briefly citing distinctive characters for the two varieties, he stated 
that upon further study, he had found all these features to be variable. 
Moreover, he implied that the time of year and the amount of nutrition 
account in pait for the differences in size of statoblasts and in number and 
length of tentacles. That nutrition does have an effect on tentacles has 
been observed by several workers on a number of occasions; hence, this 
statement can be accepted. However, well-planned experimentation 
would be required for ascertaining the effect of season of the year and the 
exact operation of that factor on statoblast size. This fact is important 
because the chief distinctions between the various Phylaetolaemata are 
the size and general appearance of the statoblasts. 

Plumatella repens var. annulata Hozawa & Toriumi 1940 

The Guatemalan representative of this form came from the San Pedro 
River near Paso Caballo, Peten Department on March 18, 1935. This 
variety had recently been described by Hozawa and Toriumi (1940, 
figure 3 and pp. 428-429) from Mu-tan-k in Manehoukuo. Distinctive 
characteristics are the dimensions of the statoblasts and the u annulation 
which is formed by the ectocyst thickening in a ring-like manner.” This 
quotation is from a translation which Dr. Makoto Toriumi of the Tohoku 
Imperial University graciously furnished with the reprint of his article. 
In the Guatemalan examples (figure 30), this annulation consisted 
merely of a stronger reinforcement or stiffening of the angular zooecial 
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rim and not particularly conspicuous, hence it was with borne hesita¬ 
tion that these were allocated to var. annulata. 

The following descriptive notes refer to the Guatemalan examples 
which l>ecause they were found growing on an empty mussel valve 
(figure 26), probably were kept in a dried state from the time of collec¬ 
tion. These dried specimens were recently scraped off for stud} r and 
identification. The nature of the branching or growth habit can be seen 
in figure 26 and to a lesser extent in figure 30. Septa or dissepiments 
between the successive zooecia are visible. The tubes branch openly 
and are adherent along their entire length except at the very tips. Part 
of the tip is worn away, down to the reinforced rim which naturally 
would resist wear better than would the other parts. The ectoeyst of 
these apparently young colonies is pellucid yellow’ and fairly firm. It is 
not very thick. The polypides have disappeared from the tubes. A 
striking feature of the dried specimens is the short but prominent keel 
which broadens out distally into a large V shape as is very accurately 
shown in the three bigger zooecia in figure 30. Table 3 gives a num¬ 
ber of measurements for the Guatemalan specimens. The figures given 
for total and capsule lengths and widths of the free statoblast and for 
total length and width of the sessile statoblast agree favorably with 
dimensions given by Hozawa and Toriumi, w’hile the remaining measure¬ 
ments in the table are additional data for this species. Free statoblasts 
are illustrated in figures 15 and 16 and the sessile one in figure 14. 

Plumatella repens var. emarginata (?) (Allman 1844). Vangel 1894 

This variety, frequently reported from various parts of the w r orld, is 
now’ recorded from Lake Peten, Guatemala, w r here it w’as collected on 
March 28, 1935 (figures 32 to 34). The question mark is here placed 
after the variety name because it is uncertain whether the Guatemalan 
colonies are really variety emarginata . The reasons for the uncertainty 
are as follow’s. First, Allman gave no exact measurements for the 
statoblasts. Second, confusion exists as to the exact status of tw T o 
species, Plumatella emarginata and Alcyonella benedeni , w’hich Allman 
(1856, pp. 89-91, 104) described in his monograph. Many subsequent 
workers have considered them synonyms; others have considered them 
growih forms of the same species. The form reported by Rogick (1940, 
pp. 189, 200) belongs more definitely to the A. benedeni type than do 
the Guatemalan specimens. Moreover, the statoblasts of the latter are 
slightly smaller, as comparison of measurements given in table 3 of the 
present study and table 4 of Rogick’s Study IX will show’. This poses 
the problem of w T hether w T e are dealing with tw r o distinct varieties or 
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with only a single vaguely defined one. Thirdly, although the Guate¬ 
malan statoblasts agree satisfactorily with the emarginata described by 
Toriumi (1941) the zooecia do not seem to agree too closely. The 
Guatemalan specimens are further characterized by the following 
features: branching of the colony open and angular, tubes adherent for 
the most part, tips not too transparent, tubes colored from a warm 
yellowish brown to a deep brown, keel prominent in lower half and middle 
but fades out toward the tip, tubes widely triangular in cross section in 
middle or low T er part, septa present, and numerous sessile statoblasts but 
few’ floating ones. 

Plumatella repens var. typica Kafka 1887 

This variety is represented by a small colony and a statoblast valve 
collected on March 13, 1941 from a small stream 3 miles w T est of Ponce, 
Puerto Rico. 


Plumatella repens var. osbumi new variety 

This new T variety (figures 17 to 25, 27 to 29 and table 3) was collected 
in Pasion River near Seibol, Alta Vera Paz, Guatemala, on April 9, 1935. 
It is named in honor of Dr. Raymond C. Osbum of Ohio State University, 
wfliose eminence in the bryozoan field as w T ell as in other fields is well 
established. 

The particular feature on which this variety .is differentiated is the 
nature of its statoblasts, or more specifically, on the measurements of 
both free and sessile statoblasts, on the shape of the free ones and on the 
excessive development of the float on the sessile ones. The colonial 
characters show little that is distinctive. One should refer to figures 
17 to 25,27 to 29 and to the measurements given in table 3 while reading 
the following description of the new variety. 

Colony. The amount of bryozoan material collected from the rocks 
w r as not abundant. At the time of collection the colonies were in the 
middle stages of development. They form a tan or yellowish tangled 
mat, fairly open in branching. Evidently enough substratum w T as 
available so that much crow T ding of zooecia was not a necessity. The 
colonies are scant in appearance and made up of slender zooecia generally 
adherent except for their tips which are turned upward and are thus 
partly free. 

Zooectal Tubes. The zooecial tubes of var. osbumi are almost as 
slender (see table 3) as those of Fredericella sultana (Rogick, 1940, 
table 2, p. 195). Their ectocvst is thin and quite transparent, light 
yellowish in color, and very little encrusted. Septa between successive 
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Measurements for Three Varieties of Plumatella repens 
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Width. 
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zooecia are not visible. The basal half to two-thirds of the zooecium is 
attached to the substratum while the remainder of the tube (the distal 
tip) is turned upward at a fairly steep angle, away from the surface 
(figure 27). An inconspicuous keel is present for a short distance along 
the tube which is generally rounded or elliptical but sometimes even 
faintly triangular in cross section. Whether the tip or orifice is emar- 
ginate or not is difficult to determine because the ectocyst is not en¬ 
crusted to any great extent. Some zooecia present slight indications of 
emargination but most do not. 

Polypides. Many zooecial tubes contain unusually well-nourished 
and healthy-looking polypides (figures 27 and 28). These are built 
along the regular Plumatella plan. The digestive tract, particularly the 
stomach, seems very long. The mouth zone and epistome are tinted a 
very pale brick red. This is the only bryozoan except Pectinatella 
magnified in which the writer has observed this condition. As previously 
stated, it is difficult to count with accuracy the number of tentacles in a 
dead polypide, so that the number here given, 25 to 33, is approximate. 

Statoblasts. Tw t o types of statoblasts are found, the floating and 
the sessile. The former is less numerous than the latter in these colonies. 
Both are in various stages of development. Some are inside the zooecial 
tubes, some outside. The free statoblasts are still in the light brown 
color stage (figures 17, 18 and 25) rather than in the completely ma¬ 
tured dark brown condition. A number of the sessile statoblasts are 
fully mature, some even to the point of germinating or beginning a new 
colony (figures 28 and 29). 

The free statoblasts of var. osburni are of approximately the same size 
as those of other Plumatella species of this article. For exact dimensions 
refer to table 3. They differ slightly from those of other varieties in 
shape. The free statoblasts of osburni have parallel sides and rectangu¬ 
larly curved ends (figures 17 and 18). The float is broad at the poles 
and the sides on both valves of the statoblast. It encroaches very little 
on the small, rather elongate capsule. An edge view shows both valves 
convexly curved (figure 25). Although these free statoblasts closely 
resemble in general appearance those of emarginata pictured by Allman 
(1856, plate 7, figures 7 and 8), the sessile ones do not (present study 
figures 19 and 24 and Allman’s plate 7, figure 9). 

The sessile statoblasts of osburni possess an unusually well developed 
float, well developed from the standpoint of float width and “cellular” 
development of the float. The float turns upward at an angle. The 
cementing substance which characterizes the attached side develops 
later than the float. Hence, one can easily mistake developing sessile 
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statoblasts for floating ones, unless one checks the diameters of the cap¬ 
sule which are greater in the sessile statoblasts. Toriumi (1941, p. 201) 
shows a similarly well developed float in sessile statoblasts of P. repens 
var. fruticosa , but the two varieties are not otherwise comparable. A 
sessile statoblast of osburni , when germinating, splits much like a free 
statoblast does, as shown in figures 28 and 29. 

DISCUSSION 

The difficulties in the identification of fresh-water Bryozoa depend 
upon a number of factors, some of which have long been known, while 
others need clarification. Some of these factors are as follows. 

First, there are several classifications for the Plumatellid forms, but 
no single scheme proves particularly satisfactory or easy to follow. The 
chief reasons for this are incompleteness of data on the several species 
and the variations occurring in the animals themselves. 

Second, more definite boundaries need to be established for the species 
and varieties of Plumatella because Plumatella is the largest and most 
important genus of fresh-water Bryozoa. These boundaries would in 
time become more clearly defined if the following suggestions were 
followed: (a) complete illustration of each species, (b) standardization 
of measurements, and (c) greater knowledge of the life history of the 
fresh-water Bryozoa, particularly the species of Plumatella . 

When bryozoan material is small in amount or is in poor condition, 
complete illustration is out of the question. But, where material is 
abundant and in the proper developmental stages, as many of the follow¬ 
ing features as possible should be adequately pictured: 

1. sessile and free statoblasts, from edge and both sides; 

2. the colony as a whole, if intact; 

3. the nature of the budding; 

4. several zooids of various ages, in greater detail; 

5. such anatomical features as are of particular significance; 

6. larval forms or germinating individuals, if these are not well known; 

7. not only the normal but also the abnormal, extreme or variable conditions or 
features should be pictured; 

8. inclusion of a scale of magnification beside the drawings often proves exceed¬ 
ingly useful to workers who might be vitally interested in certain dimensions 
which the author did not think important enough to record in the text. 

In addition to adequate illustration, there is need for complete or 
standardized measurements of the diagnostic structures in a number of 
species of Plumatella. In the past, there was little system in recording 
measurements. Some workers have given statoblast dimensions in 
terms of ratios or proportions rather than in metric units. Others who 
did use metric units made only limited measurements. Until more 
definite boundaries are established for the various species of Plumatella 
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it is the opinion of the writers that every worker should, wherever suffi¬ 
cient material is available, include all possible measurements in a des¬ 
cription of any new form or of old forms for which such measurements do 
not exist. These standard measurements should include: 

1. the various measurable items as given in t vbles 1 , 2 and 3 of the present study; 

2. the dimensions of the larval forms, if larvae are found; 

3. the number of statoblast spines or other similar structures; 

4. the number of tentacles, funiculi, etc. 

Whenever possible all measurements should be made on firing speci¬ 
mens. Tentacles should be counted and important anatomical details 
noted while animals are still alive, because preservation generally means 
retraction of polypides into the zooecial tubes. This retraction makes 
observation more difficult and less accurate. When these standardized 
data are available for the different species and varieties, perhaps a more 
satisfactory and acceptable scheme of classification can be worked out. 

The third suggestion for reducing the taxonomic difficulties is to in¬ 
crease our knowledge of the life histories of the fresh-water Bryozoa, 
particularly along these lines: 

1. how and what environmental factors affect the color, incrustation, mode of 
growth, size of colony and size of statoblasts—all important factors in iden¬ 
tification; 

2. how to culture the Bryozoa so that they may be kept under frequent micro¬ 
scopic observation without being disturbed too much, 

3. to rear colonies from hibernacula, larvae and statoblasts of both types through¬ 
out the entire life cycle and to observe any differences in colonies resulting from 
each type of germinative body; 

4. observation of Bryozoa under natural outdoor conditions throughout the entire 
year. 

The authors have tried in a small way to meet a few of these problems 
in the past. The senior author has attempted to illustrate and measure 
as completely as possible some of the species, while the junior author 
(Brown, 1933) has studied the effect of various ecological factors affecting 
germination of statoblasts. 


SUMMARY 

1. Seven fresh-water bryozoan species and varieties w T ere collected 
by Brown, van der Schalie and Hubbs from various localities and sent to 


the authors for identification. 

2. These seven species and varities are: 

A. Order Gymnolaemata 

1. Paludicella pentagonalis .from Guatemala 

B. Order Phylactolaemata 

2. Pedinatella magnified .from Guatemala 

3. Hyalinella vaihiriae .from Utah 

4. Plnmatella repens var. annulata .from Guatemala 
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5. Plumatella repens var. emarginata (?).. .from Guatemala 


6. Plumatella repens var. typica .from Puerto Rico 

7. Plumatella repens var. osburni .from Guatemala 


3. One of the seven is a new variety, P. repens var. osburni and is here 
described. 

4. Three of the seven, H. vaihiriae , P. pentagonalis and P. repens var. 
annulata , have been reported only once previously in literature and that 
was from other localities by their original deseribers. For these three 
some new or additional diagnostic data in the form of illustrations and 
measurements have been added. 

5. A third type of hibernaculum was observed in P. pentagonalis. 

6. A few H. vaihiriae statoblasts of an intermediate type were found. 

7. An outline for the standardization of bryozoological (taxonomic 
and morphological) data is suggested in the discussion. 

S. Several specific vital problems for further research are suggested. 
These problems confront anyone working on the fresh-water Bryozoa. 
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EXPLANATION OF PLATES 


All figures, with the exception of figure 26, were drawn with a camera lucida, and 
hence are not composites but are as nearly like the actual specimens as it was possible 
to make them. Scales are given for every figure. 

The ocular-objective combinations used for the various figures are as follows: 
5x-4x, figure 27; 5x-10x, figures 2, 28, 31, 35 and 45; 5x-21x, figure 29; 7.5x-21x, 
figure 9 and scale F; 10x-4x, figures 30, 43 and 46; lOx-lOx, figures 3, 4, 6, 7, 
11-23, 25, 32-34, 36-40,42. 44 and scale X; 10x-21x, figure 41:10x-45x, figures 5, 8, 


10, 24 and scale Z. 


A, attached surface 

B, barbed processes 

C, colony 

D, capsule 

E, cement substance 

F, ectocyst 

G, edge 

H, endocyst 

I, float 

J, float ‘‘cells” 

K, free surface 

L, funiculus 


Abbreviations 

M, germinative material 

N, hibemaculum wall 

O, hibemaculum 

P, hooks 

Q, lophophore 

R, muscles (parieto- 

vaginal) 

S, muscles (parietal) 

T, muscles (retractor 

of polypide) 

U, orifice 

V, Protozoa 


W, rectum 

X , septum 

Y, small stolon 

Z, statoblast valve 
IE, statoblasts 
AO, stomach 

IO, substratum 
IU, tentacles 
IY, vestigial annulus 
JE, zooecial rim 
JO, zooecial wall 
OE, zooecium 
OY, oesophagus 
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Plate 1 

Figi re 1 . Part of a preserved Hyahnella vaihinae colony. Note the thick, 
transparent ectocvst, the numerous statoblasts and the mode of branching. This is 
from a more open section of the colony. In densei sections the zooecial tubes are so 
crow ded that in places their tips closely adhere. Scale W belongs with this figure. 

Figure 2. An enlarged view of the tips of two degenerate zooecia of H. vaihinae. 
Note the crinkling and folding of the thick, tiansparent ectocyst at the tips. The 
accompanying scale belongs with this figure. 

Figi re 3. Side view of a H. vaihinae sessile statoblast which is hanging upside 
down from a long narrow stnp of hardened zooecial wall. The blackest structure in 
the picture is the cemented base of the statoblast. Note the position and direction 
of the vestigial annulus. This statoblast and zooecial wall were scraped from a wood 
fragment. Scale A r belongs with this figure. 

Figi re 4. Top view of upper or unattached side of a sessile statoblast of H . 
vaihinae. Note the maikings over the capsule. The vestigial annulus is directed 
outward and slightly upward. Scale X belongs with this figure. 

Figure 5. An enlarged view of a part of the upper surface of a sessile statoblast of 
H. vaihinae. This show s the delicately marked cover w’hich was sometimes observed 
on the upper unattached surface of sessile statoblasts and w hich frequently became 
detached w’hen the statoblast w’as handled roughlv. Figure 4 shows a statoblast 
from which the cover had been accidentally lemoved. Scale Z belongs with figure 5. 

Figi re 6. The attached side of a very peculiar statoblast of H. vaihinae. This 
body is peculiar because it looks for the most pait like a sessile or attached statoblast 
but at one end, the lower in this diagram, it has a float w T hieh is like that of a free or 
floating statoblast. This is the intermediate type of statoblast mentioned in the 
text. The irregular material, giay to black in the diagram, is the cementing sub¬ 
stance w'hich attaches the sessile statoblast to the wall. In the specimens themselves 
this cement ranges from a thin, transparent, colorless layer to a thick, brownish-red 
substance. A small part of the vestigial annulus is visible at the sides. The float 
at the bottom is broader on this side than on the reverse side. 

Figure 7. The reverse unattached side of the statoblast shown in figure 6. 
The jagged cement which would be protruding slightly in a few’ places from beneath 
the vestigial annulus is not shown here. Note the markings on this side of the 
capsule. Scale X belongs with figures 6 and 7. 

Figure S. A considerably enlarged view’ of a small sector of the statoblast shown 
in figure 7. The large light-colored “cells” belong to the true float while the narrow’, 
irregular, light-colored band just below’ is a part of the vestigial annulus. Scale Z 
belongs with this figure. 

Figure 9. A young polypide partially emerged from between the tw’o valves of a 
germinated H. vaihinae statoblast. The lophophore of the zooid is shown diagram- 
matically because in the preserved specimen this emerged portion w’as most indistinct, 
only the tips of some of the tentacles being seen with any real clarity. This view* is of 
the dorsal statoblast valve. Scale Y belongs w’ith this figure. 
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Plate 2 

Figure 10. An enlarged sector of the free surface of Plumatella re pens var. 
annulata sessile statoblast, showing the mammiUated capsule covering and the vesti¬ 
gial annulus. The scale for this figure is placed above figure 24. The whole sessile 
statoblast is pictured in figure 14. 

Figure 11. A side view of a floating statoblast of HyahneUa vaihiriae, drawn to 
the same scale as figure 25. The scale appears above figlre 25. 

Figure 12. Ventral side of a H. vaihiriae floating statoblast, drawn to the same 
scale as the preceding figure. This is a slightly more pointed specimen than the 
average one of this species. Note how extensive is the amount of exposed capsule. 

Figure 13. Dorsal bide of a H. vaihiriae floating statoblast, drawn to the same 
scale as preceding figure. The float encroaches slightly more on the capsule than on 
the reverse side. 

Figure 14. View of free surface of a P. repens var. annulata sessile statoblast, 
drawn to the same scale as figure 25. 

Figure 15. Dorsal side of a P. repens var. annulata floating statoblast, drawn to 
the same scale as the preceding figure. Note how* much the float extends beyond the 
capsule. 

Figure 16. Ventral side of a P. repens var. annulata floating statoblast, drawn 
to the same scale as the preceding figure. 

Figure 17. Ventral surface of a P . repens var. osburm floating statoblast, drawn 
to the same scale as the preceding figure. Note the very broad ends and the almost 
parallel sides of the float. Also note the extensive projection of the float beyond the 
capsule. 

Figure 18. Dorsal side of a P. repens var. osburm floating statoblast. This 
specimen is still somewdiat immature, so that the extent of the encroachment of float 
upon capsule is probably not quite complete. Drawn to the same scale as preceding 
figure. 

Figure 19. An immature, developing, sessile statoblast of P. repens var. osburm . 
The capsule m this stage is opaque, dark yellow ish, and very finely granular. The 
developing float is very small in extent in this stage. Drawn to the same scale as 
the preceding figure. 

Figure 20. A later stage in the development of a sessile statoblast of P. repens 
var. osburni , drawn to the same scale as the preceding. The statoblast is slightly 
tilted so that the float of one side and capsule bottom show*. No patches of cementing 
substance have begun to make their appearance as yet, other than the ring shown 
around the edge of the capsule. 

Figure 21. Top or free surface of a P. repens var. osburm sessile statoblast, 
drawn to the same scale as the preceding figure and showing the extent of the float. 
In some specimens the float can be seen to extend slightly over the capsule, as is true 
of free statoblasts. Hownver, that was difficult to see m this particular statoblast. 

Figure 22. Side view T of a developing sessile statoblast of P. repens var. osburni T 
drawn to the same scale as the preceding figure and showing the formation of cement 
substance on its low T er or attached portion. This cement substance is of varying 
thickness and color. It ranges from a pale transparency to a mahogany color. In 
this figure the basal part wns pale while the reinforcing, constantly enlarging dark 
patches were reddish brown in color. They seemed to grow from the rim or ring 
shown in figure 20. 

Figure 23. Side view T of a more mature sessile statoblast of P. re pens var. osburni t 
showing the excessive development of the basal cement material. Note also the very 
w’ell developed annulus or float and compare with figure 14. Drawn to the same 
scale as the preceding figure. 

Figure 24. An enlargement of the edge of the P. repens var. osburm sessile stato¬ 
blast float, showing the irregular border of hyaline chitinous material and the con¬ 
spicuous “cells.” The scale above applies to this figure. 

Figure 25. Side view T of the same statoblast as shown in figure 18. The scale 
above applies to this figure. 

Figure 26. Colonies of P. repens var. annulata growing on the inner surface of a 
mussel valve. The dotted parts of the colony had been w'orn aw'ay but their location 
could be traced on the shell. The scale to the left and above applies to this figure. 
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Plate 3 

Figure 27. Portion of a colony of P. lepens vnr. osbumi showing several zooecia, 
some of which are partially grown together at the base, although each zooecium is 
distinct. A number of Vorticellid Protozoa are seen clustering around some of the 
orifices. The scale inserted at light belongs with this figure. 

Figlre 28. An ancestrula oi piimary zooid of P. repens var. osbumi, aiising from 
a germinated sessile statoblast. The two statoblast valves are shown in side view at 
the base of the zooid. Drawn to same scale as fig ore 35. 

Figure 29. The leverse side of the basal part of the ancestrula and statoblast 
valves which were shown m figure 28 Note the extensive development of the float 
on both valves. The scale at right, near the label, belongs with this figure. 

Figure 30. A portion of P. repens var. annulata colony, showing the zooecial 
tubes without any polypide remains, except for the statoblast. The rim of the up¬ 
turned zooecial tip is somew r hat more strongly lemforced than the rest of the zooecial 
tube, although the reinfoicement is not shown very well in this diagram. Also note 
the slight flare or funnel shape just beneath the lim. It gradually tapers off into a 
keel Tube No. 1 shows the shape of this edge rather well. The scale at left belongs 
with this figure. 

Figure 31. A Pectinatella magnified statoblast valve. One hook at the edge is 
broken aw r ay, leaving a slight notch in the float. Drawn to the same scale as figure 
35. 

Figure 32. Ventral surface of a Plumatella lepens var. emarginata (?) floating 
statoblast, Drawm to the same scale as figure 33, 

Figure 33. Dorsal surface of statoblast of P. repens var. emarginata (?). Scale 
at right belongs with this figure. 

Figure 34. P. repens var. emarginata (?) sessile statoblast viewed from the at¬ 
tached surface. Drawn to the same scale as figure 33. 

Figure 35. A Paludicella pentagonahs zooecium. It is apparently in a damaged 
state because its tentacles and part of its internal organs have been forced to the edge 
of the orifice. The scale at left belongs w T ith this figure. 
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PlATE 4 

Figures 36 through 40. Variously shaped hibemacula of Paludicella penta¬ 
gonals. Note the heavy chitinous wall of each hibemaculum as compared with the 
thin walls of the zooecia to which they attach. All drawn to the same scale (to the 
right of figure 39). 

Figure 41. One view of P. pentagonals orifice. From this angle it looks triangu¬ 
lar although if tilted it would look more pentagonal. The scale just beneath belongs 
with this figure. 

Figure 42. A better view of the pentagonal orifice of P. pentagonals. Drawn 
to the same scale as Figure 39. 

Figure 43. Two complete zooecia and a hibemaculum of P. pentagonals. The 
basal or ancestral zooecium is shown growing on a portion of Plumatella repens var. 
emarginata (?) zooecial tube and statoblasts. Its basal part had become fastened to 
one of the two Plumatella statoblasts shown in the sketch. Drawn to the same scale 
as figure 46. 

Figure 44. Several hibemacula and a basal zooecium of P. pentagonals. The 
basal part of the zooecium looks somewhat like a hibemaculum. Note the thickness 
of the wall in that region and its thinness in the upper part of the zooecium. It is 
difficult to say whether this appearance is due to a hibemaculum about to be formed 
from the basal part, or to the germination of a hibemaculum. Drawn to the same 
scale as figure 39. 

Figure 45. Irregularly shaped zooecia of P. pentagonals t drawn to the accom¬ 
panying scale. The dark stiip on which the colony rests represents the substratum. 
Note the slender stolon-like strip resting on this substratum. 

Figure 46. Two empty zooecia of P. pentagonals , drawn to the accompanying 
scale. Noteworthy are the long slender extensions of the zooecial base or rather the 
basal part of the zooecium. Sometimes septa occur, making these extensions into 
small stolons. The dark strip or background represents the substratum, which is 
diagrammatically shown. 
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INTRODUCTION 


The forces produced by the vibratory fins serving to propel the sea¬ 
horse, Hippocampus , have never been analyzed carefully. The high 
speeds at which these fins are vibrated and the consequent difficulties in 
reducing them to a readily handled condition are largely responsible for 
this lack of critical analysis of a peculiar and specialized type of fish loco¬ 
motion. Schlesinger (1911) discussed such locomotion in general terms. 
Breder (1926) attempted a study with an improvised stroboscopic device 
consisting of a rotating shutter before an incandescent lamp, but found 
that the apparatus was entirely inadequate for the purpose. Other 
fishes employing apparently similar fin movements have since been 
studied by Hams (1934, 1935, 1937 and 1938). However, it would be 
difficult, if not impossible, to apply his methods to the small and delicate 
seahorses. 

The development of high speed motion picture and still photography 
supplies a new approach and provides a practical tool permitting the 
detailed study of phenonoma of this type. As in an earlier study on 
thing fish by Edgerton and Breder (1941), the photography was done 
by Edgerton and the analysis by Breder. Several specimens of Hippo - 
campus hudsojiius pundulatus Guichenot, from the vicinity of Engle¬ 
wood, Florida, were used. The photographs were taken at the New 
York Aquarium shortly before its closure, and the studies were continued 
in the Department of Animal Behavior of the American Museum of 
Natural History. 


SPEEDS OF FIN MOVEMENTS 

Motion pictures of swimming seashores were taken at a rate of 300 
frames per second with a General Radio Company stroboscopic-light 
high-speed motion picture camera. The rate was determined by a 
centrifugal governor. A timing system, which recorded dots on the 
edge of the film at 1 60 second intervals, made it possible to measure the 
exact speed at any given time. The variation in rate after initial ac¬ 
celeration is less than a few per cent. Two stroboscopic lamps were 
used, each excited by a microfarad condenser charged with 2,000 
volts. A lens aperture of f:4.5 was used. Photographically suitable 
sequences were studied in detail, their selection being based on the direc¬ 
tion and amount of translation of the fish. 

A sequence in which a fish moved forward and upward while holding 
itself perpendicularly gave a very clear reading of the dorsal waves in 
comparison to the travel of the fish. Tracings of individual frames at 
stated intervals w’ere made by means of a projection device. Since each 

( 147 ) 
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Figure 1. Dorsal fin vibrations with motion forward and upward. 

A. Outlines of Hippocampus through 500 consecutive motion picture frames (154 seconds). Posi¬ 
tions of dot on back at posterior base of dorsal indicated at 0, 100, 200, 300 and 500 frame positions. 
a, position snout would have reached if entire fish had followed track of dot on back. 6, position tail 
would have reached if entire fish had followed track of dot on back. Dotted position of tail shows 

{ position tail would have reached if held rigidly, indicating extent of its backward swing. The two out- 
ines match closefy except for this backward swinging of the tail indicating that this accounts in part, 
at least, for the failure of the snout to reach point a. Note especially the position of the two outlines 
in reference to the vertical lines drawn from the crest of the head. The apparent shortening of the 
snout in the second outline is caused by a slight turning of the head away from the observer. Note 
that the angle of the horizontal reactive thrust of the dorsal fin in the first outline is to the left of the 
vertical ana in the second to the right. 

B. Outlines of the margin of the dorsal fin through SO frames (0.10 seconds). Positions of dot on 
one crest and the connecting line indicate travel of wave over fin. Note that these frame numbers 
places this detail midway between "0” and "100” frames of “A.'* 


picture interval represents 1/ 300th of a second, the calculation of speeds 
is a simple matter. Figure 1,A shows these tracings through 500 frames 
or 1% seconds. The two outlines of the whole fish indicate the extent of 
its passage upward and forward. The line passing through a point on 
the back at the end of the dorsal base indicates the change in direction of 
travel. The details of the dorsal fin movement (between frames 0 and 
100 where the fish shows its largest horizontal component) is also shown 
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in a series of 5 frame intervals in figure 1,B. Since the passage of a 
crest from one end of the dorsal fin to the other covers 30 frames, it 
follows that one complete cycle of the multiple waves is completed in 
0.10 second. In other words, there are ten full cycles per second. Counting 
those on both sides of the median line, seven crests appear in this se¬ 
quence. Consequently, an equal number of “planes of pressure” pass 
over the fin (the internodal parts); that is, 70 such details in the ripple 
pass down the fin in a second. Each fin ray thus moves from side to 
side 70 times a second, or completes 35 cycles. As a check against these 
calculations the sequences were projected at a known rate of speed and 
the rate of propagation of the wave trains was checked with a stop watch. 
Projection at 15 frames per second showed that it took almost exactly 
two seconds for one wave crest to pass over the fin; these measurements 
thus agreeing with the calculations based on the tracings from separate 
frames. 

Examination of the fin during the more nearly vertical part of the 
fish’s path shows no evident differences in the behavior of the dorsal fin. 
The pectoral in this otherwise satisfactory sequence could not be dis¬ 
cerned with sufficient clarity to establish more than the fact that its 
waves were passing downward as in the dorsal fin. Sometimes the head 
of these fishes is moved, changing the angle of attack of the pectoral fins 
with respect to the body. In the present case the head was held in one 
position as is seen in the two outlines of figure 1,A. The pendulum¬ 
like tail was swung back, changing its position sharply at about the 
200th frame, as indicated in figure 1,A. 

The actual number of waves employed during this sequence is some¬ 
what greater than those appearing in the still photographs shown in 
plates 1, 2 and 3 or in other sequences, and represents the maximum 
noted. Toward the end of the sequence, between the 200th and 500th 
frame, the waves died down, fading out from the posterior end forward 
and nearly ceasing about the 300th frame; they were then resumed to¬ 
ward the end. This is indicated in figure 1,A by the decreasing dis¬ 
tance between the successive points along the line of travel. The late 
resumption of propulsive effort prevented any effect from becoming 
evident before the end of the sequence. 

In view of the fact that the transparent pectorals were always seen 
against the dark body of the fish in the motion pictures, they could not 
be traced accurately from individual frames, in contrast to the pigmented 
dorsal fin. However, during projection the waves could be seen clearly 
and in those sequences where both dorsal and pectoral could be seen to¬ 
gether it w T as clear that the waves of each were passing over the fins at 
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the same rate of speed. This relationship obviously does not always 
hold, for there is much differential use of the fins in these fishes. 

At all times the waves were traveling downward from the top or 
anterior edge of each fin. None were seen to pass in the reverse direction 
and it would appear that such motions are used only rarely, chiefly when 
the fish is attached by means of the prehensile tail. 

In both fins it was evident that the wave length was shortened and the 
amplitude decreased during faster motions and that during the slower 
movements both the wave length and the amplitude were increased. 

No distinctly asymmetrical waves were detected, but what at first 
appeared to be such were resolvable into variations in amplitude and 
wave length not occurring uniformly over the entire fin. These occurred 
most commonly at the beginning or end of active undulations. 

It is optically evident that the speed of these waves may vary from 
zero to the attainable maximum. In actual practice movement of the 
fins quickly reaches, from a position of rest, a speed that cannot be fol¬ 
lowed by the eye. How far the speed may exceed the observed rate is 
uncertain, but it is thought that the limit is less than twice the observed 
rate. Since the difference in wave length is a matter of angular phase 
difference and there is no photographic evidence to the contrary, it may 
be assumed for the present that fewer waves of larger size may pass over 
the fin more rapidly. Since it has been shown that the individual fin 
rays may beat back and forth 35 times a second in a phase difference 
producing seven right and left crests, there seems to be no mechanical 
reason why they could not all operate in unison an equal number of 
times a second. This would produce a simple flapping of the entire fin 
from side to side, a thing that the seahorse has not been seen to do. 
There is presented in the accompanying plates, however, photographic 
evidence that the number of complete waves may be considerably reduced. 

VECTOR ANALYSES 

As a primary step in an effort to understand the origin of the observed 
resultant motion of a seahorse it is necessary to understand the various 
possible effects produced by vibratory fins. Given a series of waving 
rays, the transverse motions of which are responsible for the observed 
effects, certain limiting features appear: 

(1) Each single ray moving from side to side exerts an outward thrust 
as in figure 2,A. This is the simple and easily understood thrust of 
a fan. The mechanics of this action have been set forth at length by 
Breder (1926). 

(2) Such rays connected in series by a membrane in which each ray 
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follows its leader in some uniform phase relationship exerts a force 
parallel to the axis of the group as indicated in fige-re 2,B. The me¬ 
chanics of this effect have been discussed in various connections by 
Breder (1926), Breder and Harris (1935) and Harris ('1934, 1935. 1937). 
Similar mechanics involving the whole body of elongate fish have been 
discussed by Borelli (1680), Pettigrew (1873), Marey (1894, 1895), 
Du Bois-Reymond (1905), Breder (1926), Gray (1933a, b, c, d, e) and 
others. 

It is thus evident that there are two vectors to be considered in connec- 



FiorBE 2. Mechanics of the undulatory fins of Uippocampui. 

A. Each fin ray describes an arc as shown. Alternately from side to side it exerts pressure normal to 
its planeas in the dotted arrows, with a resultant in time as indicated by the feathered arrow. A series 
of these in a row, each at an angular distance from each other, exert a continual pressure in the direction 
of the resultant. Connected by a membrane, as in a fin this effect, which is weak because of the small 
size of the rods, becomes greater and with it appears another effect indicated in figube 2, B. 

B. Dorsal view of a series of uniform rods connected by a membrane as in a seahorse fin. Each ray 
in this diagram swings 45° to the right and left of a median plane and each follows its predecessor by an 
angular distance of 11.25 . Because of the connection of the membrane and the passage of a wave 
along the series as a unit, pressure is exerted in the direction of the two small arrows, with the resultant 
indicated by the feathered arrow. 

C. Perspective view of such a schematic structure of which "A" can represent an end view and "B” 
a top view. Both types of pressure effects are indicated by small arrows and the two resultants by 
feathered arrows which correspond to those in "A” and "B.” The vector diagram of the two forces 
a and b considered as components of the resultant c indicate the final effects of this type of locomotor 
effort if component b is larger than a. By modifications of the phase difference,amplitude, etcetera , 
as discussed m the text, either u or b may be increased at the expense of the other but neither ever 
disappears entirely. 

D. Head of a seahorse showing location of pectoral fin in relation to the gill owning (a ) and the place 
in the "neck” region where bending occurs ( b ). See the plates for various positions of the head, length 
of the rays, and curvature of the base. 
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tion with the resultant of the simple wigwagging of fin rays and in the 
consequent passage of a wave along such a series of identical members. 
This is indicated in perspective in figure 2,C. Superimposed is the 
fact that these primary units as found in fishes may varj r in two basic 
ways: (1) physical and (2) behavioristic. These variations modify the 
resultant and are discussed as to their various implications alone and 
together in the following pages, for it is in these that reside the answers 
to many problems in such locomotion. 

The physical variables in both the dorsal and pectorals of Hippo¬ 
campus may be summarized as follows: 

(1) Distances between rays are not entirely equal although they tend 
to approximate such a condition. 

(2) The length of possible amplitude and the flexibility of rays are not 
equal; rays are longest and stoutest in the central zone, tapering off 
gradually anteriorly and more abruptly posteriorly. 

(3) The base may not be a straight line, and actually departs from it 
as shown in figure 2, D and E. 

(4) The number of rays may vary somewhat from one fish to another 
but is always constant in any one specimen. The numbers of dorsal 
fin and pectoral fin rays reported for the species here studied are as 
follows: 


FIN MAXIMUM AVERAGE MINIMUM MODE 

Dorsal. 21 19.3 IS 19 

Pectoral. 19 164 15 16 


These figures are based on the data of Ginsburg (1937) and agree closely 
with the material examined by the writers. 

The behavioristic variables may be summarized as follows: 

(1) Amplitude of waves may be varied; the vertical vector tends to 
be increased with waves of large amplitude, and the horizontal vector 
with waves of small amplitude (figure 2,C). 

(2) Variations in phase difference result in wave lengths of greater or 
less magnitude, and they need not be equal from one part of the fin to 
another. 

(3) Phase difference may vary in each cycle, resulting in asymmetric 
waveforms (Harris, 1937). 

(4) The entire fin may be held at various angles to the body. Thus 
the dorsal may be deflected far to one side and undulated in that position. 

(5) The fin rays are not limited entirely to a transverse movement but 
have some longitudinal latitude, although such is apparently not used to 
any noticeable extent in the propulsive efforts. Usually the rays are 
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not operated in a strictly parallel position but tend to be held somewhat 
fan-wise. This is especially noticeable at the posterior end of the dorsal 
fin, as may be seen in some of the plates. 

These effects, coupled with the fact that the seahorse normally tends 
to sink slightly and can change its center of gravity considerably by 
fairly large movements of the pendulum-like tail element and by move¬ 
ments of the head, give the fish a great flexibility in its otherwise limited 
locomotor apparatus. The mobility of the neck is especially influential 
since the pectoral fins are perched anterior to this mobile region and as a 
consequence change their angle of attack with respect to the rest of the 
fish when the head is moved (figure 2,D). Aside from these features 
the seahorse, for all practical purposes, is incased in a rigid armor. The 
extent of the rigidity and flexibility of the body is clearly indicated in 
plates 1, 2, and 3. 

Only males were used for this study. On their ventral surface is 
located a marsupium for the earning of eggs; this structure is not in¬ 
volved in locomotion except that, when distended with incubating eggs 
or young, it becomes somewhat of a handicap to locomotor efforts. The 
males used were not in this condition, as may be seen most clearly in 
plates 1 and 3. Both sexes possess a tiny anal fin of not more than 
four short rays. This fin in a male is scarcely ever used, often being 
buried in the folds of the marsupium. In only one of the specimens 
studied could the anal fin be seen in the living fish, and in this case its 
use w T as not observed. Since this fin is pointed straight down in the 
females and in the males showing it, it w’ould seem that the only possible 
function could be to exert a slight lifting force. Of course, the fin might 
also exert a slight rudder-like action. Ginsburg (1937) has figured no 
anal fin for the adult of the form here studied, although, as in all known 
species, the immature males show it. In very small specimens the anal 
fin is large and prominent. This Ginsburg show’s for the young of 
Hippocampus hudsonius hudsonius DeKay; for this form also he figures 
a large male showing a vestigial anal fin, very like our single specimen 
noted above. For present purposes the functional significance of this 
fin may be dismissed with the above remarks. The actual appearance 
of the dorsal and anal fins, with respect to rays and their relative propor¬ 
tions as shown in this material, may be seen in figure 2, D and E. 

From these considerations it is evident that the thrust of such undulat¬ 
ing membranous fins is at some intermediate point between the vertical 
and horizontal components. The condition in the dorsal fin is indicated 
diagrammaticallv in figure 3,A. For convenience the vertical com¬ 
ponent in all figures is indicated by a and the horizontal by b and their 
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resultant, when shown, by c. Since alterations in amplitude and wave 
length can serve to increase a or b but neither can be eliminated, as pre¬ 
viously indicated, it follows that the maximum effective thrust should 
appear somewhere between a and b. Such a condition is indicated in 
this figure by a dotted line showing the variations in c with its angular 
divergence from a or b. This has been drawn, for convenience, on the 
assumption that a and b are of equal value—an item concerning which 
there are no exact data. 

In the pectorals a simil ar condition appears, as is indicated in figure 
3,B. The vector analysis is identical with that given for the dorsal fin. 





Figure 3. Vector analysis of dorsal and pectorals of Hippocampus. 

A. Dorsal fin with fish in normal slow swimming position. Assuming the components vertical and 
parallel to the fin to be equal (a and b respectively) and the waves flowing ineither direction, it then 
follows that the maximum resultants will be along the dotted line c. As neither component can be 
reduced to zero it follows that the increase either of amplitude or wave length necessarily increases each 
to some extent and the maximum thrust obtainable must be approximately half way between the 
extremes. 

B. Pectoral fin of fish as in figure 8 , A. The lettering here is the same and with identical significance. 

C. Dorsal view of pectorals. Because the pectorals are paired and not median as is the dorsal it 
follows that,since they stand out diagonally from the body, their combined components a give re- 
sultant d which, so long as the fins are operated synchronously, falls within a place perpendicular to 
the back of the head. 

D. Vector analysis in Monacanthus. Here, the dorsal and anal fins are so arranged that they act 
as does the pectoral of Hippocampus in regard to component o, but the components a and b of both 
anal and dorsal combine to form two continual backward thrusts, d and e. 
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In this diagram the dotted arrow w indicates the course of the excurrent 
water through the gill orifice, a matter to be discussed in another connec¬ 
tion. Since there are two pectoral fins a further complication arises 
here, as indicated by the dorsal view of the head shown in figure 3.C, 
which is a projection from figure 3,B. Since the fins set at an angle to 
the head, the two vectors a of each fin act in an opposed manner with a 
baekwardly directed resultant d , while the two vectors b act in parallel 
as shown for the one in figure 3,B. 

It will thus be seen that, if the waves travel from top to bottom in both 
dorsal and pectorals, the resultant from both will be backward and down¬ 
ward and produce a forward translation of the fish not unlike that shown 
in figure 1 . Since pectoral fins are always paired in any species, an 
effect similar to that in Hippocampus is always obtained. In such forms 
as the plectognath, Monacanthus ‘(figure 3,D), this is evident without 
a diagram. However, in this fish which employs similar waves in an 
undulating dorsal and anal, unlike the seahorse dorsal, the two combine 
to form components lettered as in figure 3,C. Here too the vectors b 
combine to form a backward resultant e. In other words all components 
unite to form a backward resultant parallel to the long axis of the fish. 
Harris (1937) expresses this relationship slightly differently with a 
somewhat similar diagram. 

As already mentioned the pectoral fin is involved when the neck of the 
seahorse is arched and its vectors in various positions with reference to 
those of the dorsal fin are indicated in figure 4,A. The two extreme 
positions are about as far as the head normally reaches during locomo¬ 
tion; it is possible for the neck to bend still a little more, although this is 
generally done only when the fish is resting attached by the prehensile 
tail. It will be noted that the movement of the pectoral base in neck¬ 
bending describes an arc about point / which, in view of the interspaces 
between the plates, cannot be located with any great accuracy. The 
head position Z is the same as that of figure 3. The a and b vectors are 
indicated only for the dorsal fin and the extreme positions of the pectoral 
fins. Again for purposes of discussion these vectors are considered 
equal. The total combined effects are indicated in figure 3,B. The 
dorsal base is indicated by D and the tw T o extreme positions of the pec¬ 
toral base indicated by P, 2 and 3. The resultant of dorsal and pectoral 
a vectors in positions 2 and 3 is indicated by the numbered and feathered 
aiTOws pointing toward the low T er left. The b vectors of the dorsal and 
pectorals, parallel to their bases, are not further indicated but their re¬ 
sultants are shown by the twn feathered and numbered arrows pointing 
downward and to the right. For purposes of this diagram it is again 
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Figure 4. Effect of Iiead bending on resultants in Hippocampus. 

A. Position 1 of snout as in figure S; position 2 with head raised as far as usual; and position 3 with 
head lowered as far as usual. The base of the fin rotates about a point,/, outside the body of the fish. 
The position of the dorsal remains relatively fixed. The components are lettered as in figure 3. 

B. Angular relationship of head movement P, 2 and 3 represent positions of the pectoral base as in 
figure 4, A. D represents the position of dorsal base. Feathered arrows 2 and 3 indicate separately 
the resultants of components a and b of the pectoral and dorsal with the former in positions 2 and 3 
respectively. For purposes of this diagram it is assumed that the value of the dorsal and the combined 
pectoral thrust is equal. 

assumed that the a and b vectors in each case are equal, and further, that 
the dorsal and the two pectorals, taken as a unit, are of equal value. 

A further analysis of the angular relationships of these forces is in¬ 
dicated in figure 5,A. Lines T r and H indicate the horizontal and vei*ti- 
cal in reference to a water surface identical with that assumed in figures 
3 and 4 on which this analysis is based. The a and b vectors of the pre¬ 
ceding two figures are indicated and numbered according to the head 
positions indicated in figure 4. The resultants of all a and b vectors 
are indicated by the feathered arrows, the numbers referring to the three 
head positions. The arrows here fly with the direction of translation of 
the fish and not with the direction of the force exerted as they do in the 
previous diagrams; the reasons for this change in the diagram are ap¬ 
parent below\ 

If these lines of movement are now referred to the original outline on 
which they w r ere based (figure 3,A) a check may be made to determine 
the reasonableness of these arbitrary values. Figure 5,B shows this 
with the feathered arrow indicating the direction of travel. This is 
clearly a path that seahorses frequently take, as reference to figure 1 
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Figure 5. Results of vector analysis. 

A. If the resultants of figure 4, B be again combined to form a single resultant, the lines along which 
a seahorse should travel by these means alone then could be represented by this diagram of paths of 
translation. H and V represent a horizontal and a vertical line. In making this transformation it has 
been assumed for purposes of the diagram that the fin components a and b of figure 4, A are equal in 
effect and that the dorsal and the pair of pectorals are also equal. It follows then that if this diagram 
approximates reality it should be possible to orient outlines of a seahorse to correspond to a normal 
position actually realized in forward locomotion. (The seahorse outlines and vectors in figure 3, 
A and B and in figure 4, A and B all bear the same relationship to the vertical). 

B. Seahorse as in figure 3 and 4 with head in position 2. The path of movement is indicated by 
the feathered arrow. This a normal position for rising. 

C. The same figure rotated as for travel in a horizontal line. 

D. Seahorse with the head bent as in position 3. 

£. Seahorse with head extended as in # position £?. Examined from left to right figures 5, D, C, and 
E are found to represent common positions assumed by seahorses in forward locomotion increasing in 
speed from left to right. The lettering is as in the preceeding figures. The dotted lines in back of 
each seahorse figure represents a vertical or horizontal line passing through a point at the posterior 
base of the dorsal. 


will indicate. This outline was originally based on a photograph, the 
head only of which is used as plate 4,B. The fish was actually traveling 
in about the direction here calculated from theoretical considerations. 
When seahorses are traveling in a horizontal path at a speed high for 
them, they incline forward to a considerable extent. If the direction of 
the arrow of figure o,B is rotated to the horizontal the fish assumes a 
position indicated by figure 5,C. This is extremely close to a normal 
position at a moderate swimming speed. If the resultant 3 with the 
neck arched is treated in a similar manner the position reached is that 
shown in figure 5.D. This is typical of relatively slow speed at which 
the fish appears to be searching below for food. At these times the tail is 
usually curled tighter, presumably to bring the center of gravity into a 
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position w ith reference to the fins so that no rotational element is in¬ 
troduced. The resultant 2 treated as above, with the neck stretched 
out, appeal’s as in figure 5,E. This is associated with full speed and at 
such times the tail is frequently stretched out, nearly or completely un¬ 
coiled. It thus follows that the arbitrary assumption of equal values 
for the a and b vectors and for the total thrust of the dorsal and of the 
two pectorals cannot be far from actuality. If the assumed relationships 
were far from the real ones, it would probably be impossible, by such 
means alone, to orient the animal in such normal positions with regard 
to swimming posture. 

It should be obvious that use of the tiny anal fin would produce a 
thrust nearly parallel to the axis of motion, offsetting that of the dorsal 
fin to a slight extent after the fashion of Monacanthus (figure 3,D). The 
excurrent water which passes nearly vertically from the top of the head 
acts in opposition and retards forward motion to that extent. This is 
not as inconsequential as might be imagined. A resting seahorse at¬ 
tached to a branch with its head near the surface will actually raise a 
little “mound” of w r ater on each expiration. Further, it has been noted 
that the reactive effect will cause the head to move down, to an extent 
dependent on the manner in winch the fish is attached and the rigidity 
of the perch. It has been noted under favorable circumstances that the 
head may bob down a distance about as great as the length of the pec¬ 
toral base. Other than the impediment to locomotion that this thrust 
introduces, there are no moments that cannot be readily countered by 
appropriate differential activity of the fins, winch would be of such small 
magnitude a k s to be difficult of detection. 

Since seahorses are normally slightly heavier than the water in which 
they swim, they apparently make use of this fact rather than reversing 
their fin movements to low T er themselves for short distances. A seahorse 
placed near the surface at some distance from the bottom will normally 
swim down head foremost, but usually at a low angle, as will one that 
has become lighter than the w r ater and tends to float. Apparently back¬ 
ing motions of the fins are confined to the making of fine spatial adjust¬ 
ments, mostly when the fish is attached. 

DISCUSSION 

Although it w T as realized, fiom earlier attempts at analysis, that the 
undulations of seahorse fins progressed very rapidly, the actual measured 
speed of these wave trains was considerably higher than anticipated. 

If the movement of a single ray be considered it makes 35 beats per 
second. Referred to the beats of an entire insect wing, the movement 
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involved is, in one sense, comparable. According to Wigglesworth 
(1939;, who drew his data from a large number of sources, injects vary 
from 330 beats per second in Musca to 8 in Satunwi and Cohas. Other 
insects slower than the seahorse, among the Lepidoptera, are Piens with 
12 and Acidaha with 32; and among the Odonata, Libellula with 20 and 
Aeschna with 28. In Hymenoptera, Diptera and Coeloptera the wing- 
beats are mostly much higher, although the coleopteran, Melolontha , 
show's 46. Hummingbirds have wing-beats as high as 50 per second, 
according to Stolpe and Zimmer (1939). Blake (1939) gives an average 
rate of approximately 55 beats for hovering; rates of 49to 75 were re¬ 
ported in straightaway flight, with the statement that the birds w’ere 
hardly under w r ay and presumably move their wings much faster at 
other times. It is probabty fair to state that the beating of the in¬ 
dividual rays of seahorse fins is of onh' a slightly lower order. It thus 
appears that the seahorse moves individual rays of its fins through a 
cycle at speeds approximating those of flying animals of comparable size. 
But these forms with which the seahorse is being compared do not 
operate in a medium nearly as dense as water. The muscular effort 
necessary to obtain speeds such as this under w^ater is naturally much 
greater. An anatomical comparison of the seahorse muscles responsible 
for these movements with the corresponding musculature of other forms 
with rapidly moving locomotor elements should be of considerable in¬ 
terest. 

Harris (1937) has shown that the characteristic myotome contractions 
of a swimming eel-like fish have been preserved in the greatly restricted 
fin movements analogous to those found in the seahorse. Typically, 
such w T aves move from front to back and in their transformed positions 
start from W’hat is morphologically the anterior edge of the fin, although 
in both cases reverse waves for backing may be brought into play. The 
large variation in amplitude of such waves employed by different species 
of fishes using such locomotor means has been discussed by Harris (1937) 
and figured by him in considerable detail. The great range of amplitude 
employed by the seahorse at various times may be seen in the accom¬ 
panying photographs and outlines. The other evident variable, that of 
wave length, Harris does not discuss, for in the forms studied by him this 
feature apparently was not conspicious, if detectable at all. 

Harris (1937) points out that if the paired pectorals are held out at 
right angles to the body while employing symmetrical wave forms the a 
components cancel each other and the fish moves upward by virtue of 
the b components. Although we have no photographs to prove this 
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assumption, it is possible that the seahorse may at times rise vertically 
by this means further assisted bj r undulations of the dorsal fin. 

Though we cannot deny some degree of asymmetry of wave form, it 
is certainly of a very small order of magnitude if present at all and is in 
no way like that described by Harris (1937) for certain percoids. This 
type of motion may be noted grossly in that the fins during such move¬ 
ment give the optical impression of rowing. 

If the amplitude is increased and the wave length is decreased from 
one end of the dorsal to the other, a displacement of the resultant of the 
a and b vectors is obtained. If this increase in amplitude follows the 
direction of the wave trains the resultant is displaced backward, whereas 
if it is in a reverse direction the resultant is displaced forward. On 
the other hand, the amplitude and wave length may be decreased 
or increased together. This latter condition is to be seen in plate 2. 
The waves are passing from top to bottom of the dorsal; in the same 
direction the distances between successive wave crests decrease as does 
their amplitude. The latter is not true for the fin end but this is likely 
due to structure rather than differential muscular activity. Measure¬ 
ments expressed in percent of length of fin base are as follows: 

ITEM 

MEASUREMENT 12 3 4 

J ^2 Wave length. 38 31 20 — 

Amplitude. 24 20 10 16 

The items count from the anterior margin of fin, while “3^2 Wave length” 
is measured as the projected distance between alternate crests and 
4 ‘Amplitude 1 ’ is measured from base of fin to height of crest. Both are 
expressed as percentage of base of fin. 

A geometrical study of this photograph and the diagrams, and of pre¬ 
served specimens, shows that the complete cycle represented in the dorsal 
fin of plate 2 is composed of twelve fin rays. That is, three rays cover 
the distance from the median plane to the height of one crest. Where 
the fin is showing the largest amplitude and greatest wave length, the 
length of the fin rays indicates a phase difference of slightly more than 
17°. This angular measurement becomes less in other parts of the fin. 

This form of alteration of a simple symmetrical oscillation with the 
waves traveling downward—i.e., large wave length and large amplitude 
to small wave length and small amplitude—shifts the resultant higher 
on the body of the fish because most of the a component comes from the 
upper part of the fin. Whether this becomes a rotational element or not 
depends on its relation to the center of gravity as controlled by the head 
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and tail position and by the use of the other fins. With such elements 
as these entering, it is easy to see that a great many different combina¬ 
tions of vectors may be obtained, their exact effects depending on the 
particular way in which the fish holds itself and what it is doing with its 
other fins. 

The body formation of the seahorse, together with its various rugosi¬ 
ties, forms a distinct impediment to speed. Xo conceivable locomotor 
equipment that the energy in the small body of a seahorse could operate 
would enable it to proceed at other than a slow speed. The entire design 
is practically the antithesis of the ordinary stream-lined fish form and the 
locomotor equipment is relatively frail and inefficient. Although lack¬ 
ing both the form and the propelling mechanism for speed, their equip¬ 
ment with its manifold attributes makes for an easy adjustment of fine 
spatial relationship. This nearly amounts to saying that, given an 
irregular body with several feeble but versatile propelling elements 
variously disposed over the surface, it follows that by their differential 
use any delicate change of position is possible but high speed is unattain¬ 
able. Stated another way, there is no evident mechanical advantage in 
the particular arrangements found in a seahorse that might not just as 
well be obtained by a large variety of other similarly restricting designs. 
From this it would appear to follow that the basic pattern of the sea¬ 
horse design is chiefly one of heritage. In the group as a whole, there is 
a rather large range of physical variation to be found within the taxo¬ 
nomic family Sygnathidae. Considering only the genus Hippocampus , 
which is somewhat artificially restricted, a reference to Ginsburg (1937) 
gives evidence of the extensive variation within the genus or even within 
a single species. When such other forms as the abberent Phyllopteryx 
or Haliichtys are considered, it w r ould seem that the exact form winch 
these fishes take has little reference to their highly specialized locomotor 
equipment. 

In those forms winch possess in addition a caudal fin and a body much 
more elongate than most of the aformentioned forms, further complica¬ 
tions enter. In genera such as Sygnathus , Acanthognathus , Doryrham - 
phus or Coelonotus, the basic locomotor pattern appears to be identical 
with the above. It is supplemented by a caudal fin used as a very effec¬ 
tive rudder which, with the generally more elongate form, is doubtless of 
considerable value in making abrupt turns. Furthermore, when excited 
these fishes make use of their tails in the conventional ichthyized fashion, 
beating them violently back and forth and taking on an anguilliform 
locomotion in so far as their relatively rigid body encasement will permit. 
Breder (1926) wTote: “Synganthus fuscus when highly excited may lash 
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its body into anguilliform curves but makes slight progress, the pectorals 
and dorsal being the chief locomotor organs.” This species may, during 
slow locomotion, arch its body in a more or less S-shaped curve and pro¬ 
gress venter forward, after the fashion of a Hippocampus. More often, 
however, it progresses with its body in a nearly horizontal position. 
Further indication of the lack of close agreement between locomotor 
function and the size and form of bodily detail is the existence of several 
genera that combine various body forms with or without prehensile tails 
in a bewildering variety, and include elongate forms with prehensile 
tails, such as Soleganthus , Synganthoides or Haliichthys. Still further 
removed are solenostomids and centriscids. A detailed study of the 
locomotor characteristics of these types should be highly illuminating. 

From general considerations as well as from the above remarks, it 
should be apparent that w-hen the limiting restrictions imposed by 
stream-lining, which is to some degree an absolute necessity for the at¬ 
tainment of any notable speed under water, are once sacrificed, the 
variations that a fish body may take are capable of a much fuller expres¬ 
sion. As has been fully discussed by Breder (1926), there are apparently 
a limited number of types that a fast moving aquatic form may take 
whether it be shark, dolphin, penguin, ray or ichthyosaur. Only varia¬ 
tions within narrow- limits are possible without a sacrifice of speed. The 
full relinquishing of the demand for speed permits a release of restriction 
on the necessarily interacting parts, so that in the group considered it is 
not strange to find all manner of combinations of elements, such as are 
never found in groups in w T hich even moderate speed is a common trend. 

This generalization may have a far-reaching significance in an evolu¬ 
tionary sense. Given a form that fitsi a certain ecological niche in which 
one elemental requirement is that the animal be capable of a particular 
speed—to catch its prey or escape its enemies or both—it follows that 
any mutant form that does not meet these primary needs must fail to 
survive or must find a completely different niche in which speed is not 
a limiting factor. The concatenation of events necessary for success in 
this latter direction is clearly of less frequent occurrence than are those 
in winch the mutant form does not sacrifice speed. This would seem to 
account in part for the fact that there are, in groups of fish that are fast 
swimmers, many species which differ much less in functional body form 
than they do in color, pattern or other details not of a locomotor signifi¬ 
cance. On the other hand, the forms under consideration show great 
variation in shape within a species or even an individual, from time to 
time, but are as a group basically monotonous in color and pattern, 
running to browns, greens, tans, and dull reds which are to a marked 
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degree the predominant colors of the background. On the other hand, 
lack of speed is associated not with just a single non-stream-lined form, 
but with a whole group of irregular forms, often extending to the growth 
of seaweed-like appendages which certainly disrupt the outline of the 
fish. Although it would be rash to say, at this time, that the compara¬ 
tive invisibility of these forms is their limiting factor in evolutionary 
survival, the above remarks certainly would tend to bolster a view 
that free swimming fishes are mechanically limited in an evolutional*}" 
sense while having relatively great freedom of pattern and color. In¬ 
versely then, such forms as the Lophobranchs are more limited in color 
and pattern, providing an essential invisibility amid their normal back¬ 
grounds, but in contrast they have relatively great freedom from the 
mechanical limitations necessary for speed. 

Many other groups could be used to add weight to these remarks by 
providing similar cases or intermediates. For example, blennies or 
gobies, although more ichthyized, show much physical differentiation of 
no locomotor advantage. Such forms as the flounders, although rotated 
through 90°, still retain remarkable speed and in their way a good stream¬ 
lining associated with the habit of feeding on smaller but rapidly swim¬ 
ming fishes. 

Another element is that of absolute size. Seahorses and their kind 
are apparently limited to small size. That this has nothing to do with 
their feeding habits is attested by the fact that fishes of many sizes in¬ 
cluding some of truly gigantic dimensions are able, simply by straining 
the water through elaborately contrived gill-rakers, to feed on objects 
as small as those picked up individually by seahorses. However, this 
restriction in size could well be associated with the locomotor method 
and lack of streamlining. For mechanical reasons rapid vibration of 
locomotor parts is limited to relatively small animals, such as insects 
and small hummingbirds. The weight-length ratio controls the power 
necessary to move a given surface, increasing the required mass of 
muscle tissue to impossible proportions as absolute size reaches a certain 
limiting value. Because of this condition, large birds such as condors 
and albatrosses must depend more on slow wing beats and soaring. 
Their problems of getting into the air and attaining flying speed bear 
this out. 

Another factor may be important in limiting the size of seahorses. 
Beds of seaweed, limited to a fairly narrow littoral band because of the 
problem of the penetration of light, are clearly restricted in dimensions 
by solar radiation and turbidity of water. Like any other plant growth 
they are further restricted by choking each other out in competing for 
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light, food and the circulation of water. For this and similar reasons the 
seahorse environment is comparatively a small-scale affair. In other 
words, a large hiding animal needs a proportionally large hiding place 
for effective concealment. It is suggestive in this connection that the 
largest of the seahorses, Hippocampus ingens (Girard), lives on the 
Pacific coast of Mexico and California—a region abounding in gigantic 
kelps—whereas the smallest, 1Hippocampus zosterae Jordan and Gilbert, 
lives, in part at least, among the small floating clumps of Sargassum in 
the Atlantic Ocean. Furthermore, the latter is a common and abundant 
form, but the former is reported as rare. 

SUMMARY 

1. Individual rays in the dorsal and pectoral fins of seahorses may 
oscillate back and forth as fast as 35 times per second. 

2. Undulations in the dorsal fin may have as many as seven advancing 
“fronts.” 

3. Propagation of waves in dorsal and pectoral fins is normally at 
the same speed. 

4. Differential effects in locomotion may be attained by altering wave 
length, amplitude and speed of propagation of waves. 

5. Positions of the head and tail affect the center of gravity and play 
an important part in the locomotor control of the fish. 

6. Movements of the head change the relationship between the dorsal 
and pectoral fins, a feature used to control direction and speed. 

7. A long list of physical and behavioristic items provides the sea¬ 
horse with a nicety of control in its spatial relationships. 

8. The complete sacrifice of speed with its restricting limitations has 
made possible a great diversity of body form in such fishes and 
permits a disregard of the mechanical interlocking of factors found 
in faster fishes. 

9. For mechanical and ecological reasons fishes with such locomotor 
equipment are apparently limited to a small size. 
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EXPLANATION OF PLATES 

From still photographs at 1/10,000 second by H. E. Edgerton. 
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PlATE 1. 

Hippocampus dragging its tail along the bottom, with large w aves in the dorsal fin, 
few in number, and with small waves m the pectoral, many for that fin. 
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PlATE 2. 

Back view of Hippocampus similar to piate 1 showing clearly the amplitude of 
these w aves. The nearly invisible transparent pectorals stand out well from the head* 
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Plate 3. 

Hippocampus free in water. Dorsal shows waves of large amplitude as in plate 1; 
pectorals also with large and few waves. This position is characteristic of faster 
movement. In still faster swimming the entire body inclines forward at about the 
angle shown here for the tail. 
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Plate 4, 

A. Detail of the pectoral of Hippocampus free in water. In this position the tail 
was held coiled and straight down and there were practically no waves in the dorsal. 
Locomotion was slow, apparently produced by the pectorals alone with waves of 
intermediate amplitude. 

B. Detail of pectoral of Hippocampus free in water. In this position the tail was 
uncoiled and held straight down, and there were waves of an intermediate amplitude 
in the dorsal fin. Locomotion was moderate, with waves of large amplitude in the 
pectoral fins. 
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INTRODUCTION TO THE CONFERENCE ON 
PROTEIN HORMONES 
OF THE PITUITARY BODY 

By H. B. van Dyke 

From the Division of Pharmacology , The Squibb Institute Jot 
Medical Reseat ch, Xev> Brunswick, X. J. 

This gathering of physicists chemists and biologist* has a general or 
specialized common interest in those fragile giant molecules, the protein^. 
The curiosities, the languages and the tools of the investigators, however, 
are otherwise so conspicuously different as to make even Dr. Shedlovsky 
despair of any attempt to apply ‘‘criteria of purity 11 to the whole group. 
Perhaps the most important benefit which can come from this conference 
is the opportunity of learning with what confidence we can speak of the 
isolation and the physical or chemical characterization of those pituitary 
hormones which are believed to be proteins. If that purpose is to be 
accomplished, discussion must be free and frank. In contrast with the 
limitations imposed at the usual large scientific gathering today, it is 
fortunately possible not to have to demand serious curtailment of per¬ 
tinent discussion during the two days at our disposal. The biological 
aspects of discussion will have to be limited, however, to those phases 
w T hich must be understood and defined by the inve*tigator interested in 
proteins extracted from the pituitary. To the profit we can all expect 
from a complete exchange of data and ideas can be added the pleasure 
described by Xietzche’s epigram, “It is certainly not the least charm of 
a theory that it is refutable .' 1 I hasten to add, however, that conference* 
like this unfortunately are now’ scientific luxuries whose number will 
necessarily be increasingly restricted. 

Those members of the conference who are not biologist* should be ac¬ 
quainted with the general topography of that complex domain, the bi¬ 
ology of the pituitary gland. In an effort to sei ve only briefly as a guide, 
I shall have to be dogmatic and speak simply of those confusing phe¬ 
nomena in which biological specialists lose themselves and their readers. 

The endocrine or ductless glands are dominated by the pituitary body, 
distinguished from all the otheis by its structural intricacy of four dis¬ 
tinct parts. Nothing is known of the function of one division, the par* 
tuberalis, which is found as a collar of tissue about the stalk of the pit¬ 
uitary of mammals. This stalk, by which the gland is attached to the 
base of the brain, is a further distinction of the pituitary in the glandular 
hierarchy and permits nervous centers, especially of the primitive part 
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of the brain, to dispatch impulses to a second lobe lying to the hack, the 
neural lobe. A third division, the intermediate lobe, lies between the 
neural lobe and the fourth part, the anterior pituitary, which, although 
last on our list, is the largest and most important part. 

The physiological dominance of the pituitary among glands of internal 
secretion depends exclusively upon this largest part, the glandular or 
anterior lobe. This fact has been demonstrated by all the traditional 
methods of the endocrinologist. If this lobe has been removed, no other 
important gland of internal secretion can function to the proper benefit 
of the whole organism. For example, the thyroid gland, which regulates 
the pace of heat production in the body, atrophies and secretes only 
seriously inadequate quantities of its hormone so that the metabolic 
rate falls and the body temperature is significantly reduced. On the 
other hand, a suitable anterior pituitary extract will cause the opposite 
effects if injected: the thyroid hypertrophies; its cells secrete at an ab¬ 
normally rapid rate: the metabolic rate rises; other signs also resembling 
overdosage of thyroid extract appeal'. A similar picture differing in de¬ 
tails could be described with respect to the adrenal glands, the ovaries 
and the testes. The substance or substances regulating growth or meta¬ 
bolism (or both) often act directly, but probably depend upon the pres¬ 
ence of one or more endocrine glands, such as the thyroid or adrenals, to 
exert their full effects. Therefore, the anterior lobe of the pituitary 
regulates growth, reproduction and metabolism (utilization of food) 
either directly by acting on non-glandular tissues or indirectly by main¬ 
taining or stimulating the important endocrine glands. 

For a number of reasons the importance of the anterior pituitary regu¬ 
lation of the gonads (ovaries and testes) has received special attention 
reflected by intricate hypotheses regarding the controlling mechanisms. 
The diagram of figure 1 may assist those not familiar with pituitary 
physiology. At present, the testes appear to be controlled by only two 
pituitary secretions. Follicle-stimulating hormone maintains the tissue 
(tubules) in which the male germ cells divide and mature to become 
spermatozoa, whereas luteinizing hormone stimulates the interstitial cells 
which secrete the male hormone or androgen necessary for secondary 
sexual characteristics. Three anterior pituitary secretions appear to 
direct and operate the complex functions of the ovary. The follicle- 
stimulating hormone is necessary for complete follicular development 
culminating in the release of the ovum (ovulation). The remaining cells 
of the follicle are then transformed into lutein cells (corpus luteum) owing 
to the action of the luteinizing hormone. The latter acts only as a cap¬ 
italist; it furnishes one of the essential means of erecting the new struc- 
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Figure 1.—Diagram of pituitary hormone physiology. 


ture but contributes nothing to the operation of this luteal body which 
immediately languishes and has no useful function with respect to preg¬ 
nancy unless a third pituitary hormone, the lactogenic hormone, is se¬ 
creted to furnish the managerial or operative stimulus. Thus, lactogenic 
hormone, so named because its first demonstrated effect was upon the 
secretion of milk, makes possible the secretion of progesterone which, 
acting on the prepared uterine mucosa, permits implantation and growth 
of the fertilized ovum. Ovarian secretion of estrogen and ovulation 
appear not to occur unless both follicle-stimulating and luteinizing hor¬ 
mones are acting either simultaneously or in close sequence. 

Lactogenic hormone likewise supplies the operative stimulus for the 
secretion of milk but cannot function unless the breasts are prepared 
for lactation. 

Other anterior pituitary hormones are shown in the diagram as stim¬ 
ulating general body growth, affecting metabolism, stimulating the thy¬ 
roid, the adrenal cortex and the islet tissue of the pancreas. The least 
striking of these actions is the stimulation of pancreatic islet tissue. The 
effects on general body growth and particularly those on closely related 
metabolic processes are ill understood, and, as Dr. Long emphasizes, will 
not be better comprehended until approximately pure hormones are 
available for study. Thyroid and adrenal stimulation are peculiarly 
important because thyroid hormone and the adrenal cortical steroids 
are so essential for the normal utilization of food and minerals. 
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Unfortunately, no qualified investigator was able to present a dis¬ 
cussion of intermedin, the melanosome-dispersing or chromatophoro- 
tropic hoimone of the para intermedia . Probably this hormone is a poly¬ 
peptide. So far as we know the survival of cells secreting intermedin in 
the mammalian pituitary represents an atavie heirloom since intermedin 
is principally of interest as a hormone dispersing pigment granules in 
cellf' of certain fishes, amphibia and reptiles. 

The neural lobe as its name suggests is the only division of the pituitary 
derived from nervous tissue to uhich it bears considerable resemblance. 
The anatomical and secretory integrity of this lobe depends upon an in¬ 
tact connection with the ba*e of the brain by means of the stalk of the 
pituitary. Extremely active substances causing the contraction of 
blood vessels, a lessening of the rate of urine formation together with a 
change in the minerals excreted in the urine, and a contraction of the 
uterus, can be extiacted from neural lobe tissue. The physiological 
importance of this lobe is most evident with respect to the metabolism 
of water so far as this is regulated by the kidneys. 

The biologist must accept a grave responsibility in performing accurate 
qualitative and quantitative assays. Here lie fruits of great dissension 
to which another conference like this could devote its whole proceedings. 
So far as the general field is concerned, the accuracy, speed and con¬ 
venience of assay of neural lobe principles have not been excelled. 
Methods of assaying anterior pituitary hoimones are so diverse and are 
commonly so lacking in accuracy as to represent the biologist’s great 
contribution to much of the existing confusion which can be exorcised 
only by tolerance, thought, labor and yet more labor. Finally it is well 
to remember that all qualitative assays (attribution of specific biological 
effects to extracts,) require that the animals used for assay be hypophy- 
sectomized. Also, it is increasingly evident that hypophysectomized 
animals should be chosen for many of the attempts to perform quanti¬ 
tative assays. 

In the beginning, I warned you that I should be dogmatic. Although 
I believe that I have justified that warning, I have frequently been forced 
to qualify my remarks. Since our knowledge is so imperfect, it should 
be evident that, so far as events allow, physicists, chemists and biologists 
must continue to ratify and utilize an alliance which permits all tools of 
research to be used in the isolation of pure pituitary hoimones. Only 
by this means can we hope ultimately to understand how this extra¬ 
ordinarily complex and dominant gland may ensure health or contribute 
to disease. 



CRITERIA OF PURITY OF PROTEINS 

By Theodore Shedlovsky 

From the Laboratories of The Rockefeller Institute for Medical Research . Xew York 

INTRODUCTION 

A pure chemical substance may be defined in a simple, unambiguous 
manner as a quantity of matter consisting of a single molecular species. 
However, this definition excludes allotropic, polymeric, isotopic and other 
“mixtures" which, for many purposes, can usefully be considered to be 
pure substances. For example, what is called pure water contains mole¬ 
cules composed of various isotopes of hydrogen and oxygen, probably 
some polymerized molecules, hydrogen ions, deuterium ions and hy¬ 
droxyl ions of several isotopic compositions. 

The range of the usual molecular weights for proteins is from 20,000 
to 200,000 and higher. This corresponds to large numbers of atoms in 
each molecule. Are we to suppose that these atoms have the same spa¬ 
tial arrangement in all the molecules of a pure protein? Probably not, 
although we have no experimental way of answering the question. But, 
since we are not interested in philosophical wrangling, we shall confine 
our discussion to operational considerations of chemical purity. More¬ 
over, in this conference on protein hormones we are chiefly interested in 
knowing whether a particular biological activity is due to most of the 
substance in a certain preparation or to an impurity in it. We shall, 
therefore, lay our emphasis on impurities rather than “purity/’ 

The usual operational criteria for the purity of inorganic and organic 
materials, which are not megamolecular as are proteins, are constancy 
of density, refractive index, optical rotation, melting point, boiling point, 
dielectric constant, electrical conductance, solubility, analytical data, 
etc., after redistillation, recrystallizati6n, or preparation by different 
methods. Unfortunately, most of these operations are not available for 
proteins. These are very labile substances, and the procedures which 
can be used without fear of profoundly altering them are indeed limited. 
Also, analytical data on proteins are of relatively little use in most cases 
for establishing purity, and laboratory synthesis has as yet not been 
possible. 

Among the various physicochemical procedures which are applicable 
to the study of proteins there are a few which provide the most satis¬ 
factory criteria we have for estimating the degree of purity. These are 
electrophoretic analysis, observations in the analytical ultracentrifuge, 

259 



260 


AXKALS NEW YORK ACADEMY OF SCTEXCES 


and the determination of solubility curves in suitable solvents. Proteins 
form salts with both acids and bases, and, except at the isoelectric point, 
appear as ions with a net electric charge. Their electrical mobilities de¬ 
pend largely on the pH and on the salt composition of the solution at a 
fixed temperature. Two different proteins may have identical mobil¬ 
ities in a given solvent, but the probability of the mobilities remaining 
similar at other values of pH is much smaller. The ultracentrifuge de¬ 
termines sedimentation constants, which depend on the size and shape of 
the molecules. Here again, two different proteins may happen to have 
similar sedimentation constants under certain conditions. Determina¬ 
tions of solubility curves involves analogous considerations. However, 
the likelihood of two different substances behaving alike in all three 
respects, that is, electrophoresis, sedimentation and solubility, can prob¬ 
ably be ruled out in the present state of our knowledge. 

TESTS FOR PURITY OF PROTEINS 

Before entering on a discussion of various procedures which may be 
of use in assessing the degree of purity of a certain protein preparation 
it may be well to classify the following cases: (1) The pure form is avail¬ 
able. (2) The pure form is not yet known. (3) The nature of a sus¬ 
pected impurity is known. In the first case the task is simplified by the 
fact that all the properties of the preparation to be tested can be com¬ 
pared quantitatively and directly with the pure substance. In the 
second case one is embarking on an uncharted course and the task is cor¬ 
respondingly more difficult. In the third case sensitive tests for the 
suspected impurity may already be available which can greatly simplify 
the work required. 

In the sections below, various procedures pertinent to our problem 
will be discussed. The reader is also referred to articles by E. J. Cohn, 1 
(physical-chemical characteristics of protein molecules), and by N. W. 
Pirie, 2 (criteria of purity of large.molecules) which deal with the question. 

CHEMICAL ANALYSIS, TITRATION CURVES, ETC. 

Different proteins are so nearly alike in elementary composition of 
carbon, oxygen, hydrogen, and nitrogen that assay for these elements 
cannot tell us whether we are dealing with one protein or several. The 
determination of sulfur, phosphorus, metals, or of specific groups such 
as amino acids and carbohydrates, are much more useful, since in many 
cases they tend to show' appreciable differences from protein to protein. 
Here, much depends on the magnitude of the differences and the accuracy 

icohn, E. J. Chem. Rev. 24: 203, 1039. 

s Pirie, N. W. Biol. Re\. Cambridge Philos. Soc. 15: 377. 1940. 
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of the analytical methods in relation to the proportions of the protein? in 
a given mixture. The usual analytical methods are sufficiently familiar 
as are the procedure? for estimating specific group?. The estimation of 
amino acids in a protein from titration curves wa^ discussed hv Carman" 
at a recent conference of the Academy. Analytical results can give val¬ 
uable information of a negative nature, z.e., yield values which fail to be 
reproducible from preparation to preparation of what was thought to be 
one substance, and they can also be helpful in the estimation of mole¬ 
cular weight. But if the analytical figures are reproducible, that fact 
alone provides a poor criterion for purity. 

CRYSTALLINITY 

Crystallinity of a protein had been considered an indication of purity, 
but it is now well recognized that it is an unsatisfactory criterion. To 
be sure, a homogeneous crystalline preparation assures the absence of 
substantial amounts of amorphous matter. Also, it is well known that 
certain proteins which appear to be quite similar in many respects, such 
as hemoglobins from several species, have different crystal forms. How¬ 
ever, different crystal forms may be obtained from some single substances, 
and the crystallinity criterion suffers from other serious limitations. 

Crystals which may appear to be homogeneous under a microscope 
may consist of mixed crystals or solid solutions. Isomorphism is far 
from uncommon with proteins. There is always the possibility of oc¬ 
cluded matter being present which cannot be removed readily even after 
many recrvstallizations. Preparations may seem to be superficially 
crystalline but actually may not be so. X-ray analysis can decide this 
question. It is, in fact, the only reliable means of ascertaining the de¬ 
gree of internal atomic regularity. Also, electron microscopy, which is 
becoming more common, may supply interesting information about 
structure. 

ELECTROPHORESIS 

Electrophoresis is concerned with the motion of charged particles by 
the action of an electric field. With the moving boundary (Tiselius) 
method which has become such a powerful tool in the study of proteins 
and other large molecule?, it is possible to obtain very useful information 
as to the purity of such materials. It is also possible to effect the sep¬ 
aration of components from a mixture, at least in sufficient amounts for 
many further biological studies. 

In principle the method consists in sharply stratifying the solution to 
be studied below the solvent itself in a U-tube. With proteins, whose 

3 Cannan, E. K., Klbrlck, A., & Palmer, A. H. Ann. N. Y. Acad. Sci. 41: 243. 1941. 
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mobilities are sensitive to pH because of their amphoteric nature, buffer 
solutions against which the preparations are dialyzed serve as solvent. 
On applying an electric potential all the ions in the tube will move in the 
field with the result that after a time there will appear boundaries cor¬ 
responding to the number of components, in addition to those in the sol¬ 
vent, having different mobilities. Also, there will be present the so-called 
8 and e boundaries which in general move but little if at all. These do 
not correspond to any components but to buffer salt and total protein 
gradients left behind in the rising and descending limbs of the tube after 
the components have moved away from the original boundaries. 

The technique which was originally described by Tiselius 4 is now widely 
used with the improvements of Longworth, 5 who developed the auto¬ 
matic schlieren scanning method, and of Philpot 6 and Svensson, 7 who 
applied the cylindrical lens and inclined slit method for observing and 
photographing the boundaries. Thus, electrophoretic patterns are ob¬ 
tained from which the concentrations of the components* haring dif¬ 
ferent mobilities can be estimated, and the mobilities can be computed 
from the volume swept through by the boundaries, the field strength, 
and the time during which the current had passed. 

Electrophoretic patterns obtained with the Longsworth 5 method are 
shown in figures 1 , 3 and 4. The patterns of the various fractions 
arising in the preparation of crystalline ovalbumin at pH 3.92 are shown 
in figure 1 , taken from the classical paper of Longsworth, Cannan, and 
Maclnnes. 8 The arrows pointing to the left indicate the rising bounda¬ 
ries and the arrows pointing to the right indicate the corresponding de¬ 
scending boundaries. The 8 and € peaks correspond to the boundaries 
arising from salt and total protein gradients, while the others correspond 
to various components. The areas under the peaks depend on the com¬ 
ponent concentrations, while the displacements from the tails of the 
arrows indicate the relative mobilities. A refers to ovalbumin, Gi, Go 
and G 3 to globulins, C to conalbumin and 0 to ovomucoid. It is evident 
that the first albumin fraction (b) (as well as the filtrate) and the globu¬ 
lin fraction (c) are quite impure, containing components recognized in 
the complete egg white pattern (a). Repeated crystallization (d), (e), 
(f) results in a product which is quite homogeneous electrically at pH 
3.92. But determinations at other values of pH showed that ovalbumin, 

* The optical methods indicate the refractive index gradients in the boundaries. The integrated re¬ 
fractive index gradients correspond to the integrated density gradients which in turn are proportional 
to the concentrations of the components to w hich the boundaries owe their origin. 

4 TiseliU8, A. Nova Acta Soc. Sci. Upsala. IV 7 (4). 1980. 

^Longsworth, L. O. Jour. Am. Chem. Soc. 61: 529. 1939. 

apfailpot, J. S. L. Nature 141: 283. 1938. 

7 Svens8on, H. Kolloid-Z. 87: 181. 1939; 90: 141. 1940. 

sLongsworth, L. G., Cannan, R. K. t & Maclnnes, D. A. Jour. Am. Chem. Soc. 62: 2580. 
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Figure 1 . Electrophoretic patterns of egg white and its various fractions at pH 3.9$ r from Longs- 
worth. Cannon and Maclnnes 8 ]. 


A, and conalbumin, C, are complex. The mobility curves, as a function 
of pH, for the components of egg white are shown in figure 2. 
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Figure 2. Mobility pH-curves for the components of egg white [from Longsworth, Cannan and 
MacInnesSJ. 


The reason for the absence of two conalbumins in figure 1 is due to 
the fact that a transition takes place between the two forms which is a 
function of pH. Below pH 4 only one form predominates. The iso¬ 
electric points are at the values of pH corresponding to zero mobility. 

It is evident that electrophoretic analysis must be carried out at differ¬ 
ent values of pH to provide as much information as possible regarding 
purity. Mobility-pH curves in conjunction with relative concentration 
determinations obtained from the patterns supply the maximum in¬ 
formation. It should be noted here that variation of salt concentration 
(ionic strength) tends to displace the mobility curves. A tenfold change 
in ionic strength tends to alter the mobility of proteins by an amount 
corresponding roughly to the effect of one pH unit. 9 

In figure 3(a) a pattern of the rising boundary from a nucleoprotein 
preparation is shown. The small peaks correspond to soluble impuri¬ 
ties, and the opaque region to impurity in the form of a small quantity 
of suspended matter. With sufficient care the electrophoretic method 
is capable of detecting a few tenths of a per cent of an impurity which has 

ftDavis, B. D., ft Coho., E. J. Jour. Am. Chexn. Soc. 61: 2092. 1939. 





SHEDLO\ SKY CRITERIA OF PURITY OF PROTEIXS 


265 



a mobility different from the major substance. Figure 4 shows a pat¬ 
tern obtained with the cylindrical lens method 6 ' 7 from a protein prepara¬ 
tion which evidently contains at least three components. 

Occasionally, one observes considerable electrical heterogeneity of a 
different sort. The pattern shown in figure 3(b) was obtained from a 
preparation of protein which had been badly maltreated. It is evident 
that no sharp boundary exists. The material apparently had been 
broken up into fragments consisting of particles having a very wide 
range of mobility. 




Tiulre 4. Electrophoretic pattern obtained with cylindrical lens of a protein preparation containing 
three components. Rising boundary (upper curie), descending boundary (lower curve;. 
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Electrophoresis has been veiy valuable in supplying an excellent cri¬ 
terion of purity for proteins, although it, alone, is not sufficient, since it 
tells only whether the material is electrically homogeneous or not. As 
an example of its use in purification, I cite the work of Seibert 10 who used 
electrophoresis successfully both as a preparative method and as a guiding 
assay for finding suitable precipitating conditions to purify tuberculin 
protein contaminated with nucleic acid and polysaccharide. Quoting 
from her summary: ‘‘Nucleic acid and polysaccharide could not be re¬ 
moved quantitatively from the protein by isoelectric precipitation, by 
electrodialysis, by dialysis at pH 2.1, by repeated precipitation for half 
saturated ammonium sulfate at the isoelectric point, or by repeated pre¬ 
cipitation with 2 or 10% trichloracetic acid. Electrophoretic mobility 
curves revealed the fact that on the acid side of pH 5 the nucleic acid and 
the protein migrated as one component, whereas at less acid reactions 
the two travelled with very different mobilities. The polysaccharide 
was immobile at all pH values. Therefore by means of repeated electro¬ 
phoresis at pH 7.3 it was possible to remove both nucleic acid and poly¬ 
saccharide from the protein with no loss of potency. It was, further¬ 
more, possible to remove both of these impurities from the protein by 
repeated precipitation on the alkaline side of pH 5, e.g ., by half saturated 
ammonium 3ulfate at pH 7, with no loss of potency.” A detailed elec¬ 
trophoretic study of complex formation between yeast nucleic acid and 
ovalbumin with a theoretical analysis of the results was reported recently 
in an important paper by Longsworth and Maclnnes. 11 

CENTRIFUGAL SEDIMENTATION 

The ultracentrifuge first developed by Svedberg 12 provides a very val¬ 
uable method for determining the molecular weights of large molecules. 
Sedimentation is achieved by the use of high speeds which result in suffi¬ 
ciently high centrifugal fields. In most work with proteins, fields of 
about 200,000 times gravity are produced in rotors spinning at about 
60,000 r.p.m. I shall not discuss any of the experimental details beyond 
stating that the optical systems usually employed at present for observing 
the sedimentation boundaries resemble those used in electrophoretic work. 
A detailed treatise on the technique appears in Svedberg and Pedersen’s 
book, 12 and an interesting monograph on the subject has been published 
recently by the Academy. 13 

10 Seibert, V. B. Jour. Biol. C'bem. 133: 593. 1940. 

i lLomrsworth, L. G., A Maclnnes, D. A. Jour. Gen. Phj&tol. 25: 507. 1941-42. 

ia Sveoberg, T., & Pedersen, K. O. "The Ultracentrifuge." Clarenden Press. Oxfoid. 

13 "The Ultracentrifuge.*’ Ann. X. Y. Acad. Sci. 43: 173-252. 191-2. 
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The sedimentation velocity of particles depends on their density, size, 
and shape in accordance with the following equations: 

D( 1 - rp)M 
S ~ RT 

n , . RT /irrXV' 

D(f Jo) ~ faXr, \3 vM) ' ' 2 ' 

in which the symbols have the following significance: 

M —molecular weight 
$—sedimentation constant 
D —diffusion constant 
T —absolute temperature 
R —gas constant 
X —Avogadro’s number 
v —partial specific volume 
p—density of the solvent 
7 )—viscosity 

/ /„—the shape factor, which is unity for spherical molecules. 

If the sedimenting molecules are opherical, the molecular weight can 
be obtained from the centiifugal data alone, by equation 11), since/ / 0 is 
unity and D is given by equation (2). Otherwise D must be determined. 
For obtaining molecular weights it is best to work at a pH near the iso¬ 
electric point of the protein. Measurements on diffusion make possible 
the calculation of the shape factor, /// 0 , from equation (2). Or, con¬ 
versely, it is possible to determine the degree of asymmetry in the 
molecular shape if the molecular weight is known. However, if the 
shape is very elongated, the sedimentation velocity will not be very 
sensitive to length. 

The limitations of the ultracentrifuge as an instrument for providing 
a criterion of purity are that similar sedimentation constants only in¬ 
dicate similar molecular weights of molecules having the same shape or 
of compensating values of M and / fa. Also, there is a certain depend¬ 
ence on concentration, the sedimentation generally being farter in more 
dilute solutions. This fact accounts, at times, for spurious sharpness of 
boundaries; a small amount of slightly smaller material, being in a region 
of low concentration, will tend to catch up to the leading boundary, thus 
distui bing the resolving power. However, under favorable conditions, 
it is possible to detect impurities having sufficiently different sedimenta¬ 
tion constants from the major component, if they comprise 2 or 3 per cent 
of the material. 




Figlhe 5. Sedimentation patterns. Met.ikenluu piepaialions, (al and (10; Hoi se globulin piepara* 
tions, (c) and (d) (Hothenl. 


The patterns shown in figure 5 were supplied by Dr. A. Rothen. The 
two on the right are from preparation of hog metakentrin, photographic 
exposures having been made at intervals as the sedimentation proceeded. 
A small quantity of a more rapid component (two small peaks) will be 
noted in the upper patterns, (a). This is absent from another prepara¬ 
tion shown in the patterns directly Jielow, (b). On the left of figure o, 
centiifuge patterns, (c) and (d) (single exposures), or home globulin prep¬ 
arations are shown. 

As an example of nonhomogeneou^ material, patterns obtained from 
urea-denatured ovalbumin (Rothen) are shown in figure 6, which con¬ 
tains several exposures taken at intervals of time during the sedimenta¬ 
tion. It should be pointed out, however, that materials which lack ho¬ 
mogeneity in the centrifuge need not necessarily also do so in electro- 



Figlke 6. Sedimentation patterns of nonhomoareneous material. Urea denatured o\ albumin iRotlien]. 
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phoresis (since mobility depends primarily on charge distribution and 
not on size and mass), and vice versa. 

SOLUBILITY 

Theoretically, solubility provides one of the best criteria for the purity 
of a substance, since it is based on sound thermodynamic principles. It 
involves the measurement of a partition equilibrium of a substance dis¬ 
tributed between two phases. In the case of protein solubility the dis¬ 
tribution is between the solid itself (the solid phase) and a solution of it, 
usually in an aqueous buffered salt medium (the liquid phase). The 
basic theory which gives quantitative expression for such systems is sum¬ 
marized in the Phase Rule of Willard Gibbs. At equilibrium, the chem¬ 
ical potential of any neutral species is the same in all phases. The 
chemical potential of a substance in any phase depends on its mol fraction 
in that phase and on its corresponding activity coefficient which is a 
measure of deviation from Raoult’s law, or “ideal” behavior. A sub¬ 
stance will continue to dissolve in a solvent until its chemical potential 
in the solution builds up to just the value it has in the solid, provided 
there is sufficient solid available. If the solid is homogeneous (one solid 
phase) but contains the substance in impure form (solid solution), the 
chemical potential of the substance is less than it would have been in the 
pure state because its mol fraction is unity when pure and less than unity 
when the solid phase contains other components. At equilibrium, the 
composition of the solid solution is no longer what it was originally, un¬ 
less the relative solubilities of the components happen to be of just the 
right ratio. If this should happen to be so, changing the solvent will 
greatly minimize the likelihood of such compensation. Therefore, it is 
desirable to make solubility determinations in more than one solvent to 
derive all the advantages of the solubility method for establishing purity. 
The addition of more of the original material (solid solution) will again 
disturb the composition of the solid phase so that, in general, more ma¬ 
terial will be dissolved. Sorensen, 14 w r ho was the first to apply the solu¬ 
bility method in studying proteins, found that proteins which had 
been considered pure were actually not so since then* solubility in¬ 
creased with the quantity of solid used in the determinations with a 
given volume of solvent. The method, which has been developed ad¬ 
mirably by Northrop and his collaborators 15 * 16 depends on the determina¬ 
tion of the quantity of protein appearing in a constant volume of buffered 
solvent, at constant temperature and pressure, as the total quantity of 

^Sorensen, 8 . P. L. Compt-rend. trav. Lab. Carlaberg 15: 1 . 1925; 18: 1 . 1980. 

15 Noxthrop, J. H.. & Kunits, M. Jour. Gen. Physiol. IS: 781. 1929-80. 

1 G Kunitx, M., ft Northrop, J. H. Cold Spring Harbor Symposia 6: 325. 1998 
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protein is increased. It is best to use solvents which dissolve but little 
of the material. The concentration of protein, which is proportional to 
its mol fraction in dilute solutions, is usually determined through nitrogen 
analyses. The accuracy of the analytical method is one of the impor¬ 
tant limitations in the technique. 

On preparing a plot of total protein against protein in solution, one 
should obtain, for a pure substance, points which fall on two straight 
lines. As long as all the material added goes into solution, the points 
should naturally fall on a straight line with unit slope. When satura¬ 
tion has been achieved no more material should dissolve on further addi¬ 
tion of substance, and the subsequent points should therefore fall on a 
horizontal line, producing a sharp break with the line of unit slope. It 
is important to get as many points as possible in the vicinity of the break 
to make sure of its reality. 

If the preparation consists of several substances present as a physical 
mixture, but not in solid solution, we are dealing with several solid phase.". 
Here we will observe several breaks in the plot before it becomes horizon¬ 
tal. Such a plot, for three pure solid phases, is shown in figure 7, taken 
from Kunitz and Northrop’s paper. 16 At point B the solution is satu¬ 
rated with substance 1, at point C it is also saturated with substance 2, 
and at D it has become saturated with all three. The plot must be hori¬ 
zontal beyond D and must have unit slope from A to B. On extrapo¬ 
lating the lines BC , CD, and DE to the ordinate axis, the intercepts show 
the solubilities SI, Si + 82, and Si + S2 + S3, respectively. In 
figure 8, also from Kunitz and Northrop, 16 solubility curves for a and y 
chymotrypsin mixtures, which do not foim solid solutions, are shown. 



A 


Total solid added 

Figure 7. Theoretical solubility curve for three pure solid phases. 
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Figlre 8 Solubility of artificial mixture ot ci vstalb oi a and thy motijpsm 40 per tent a r 00 
per cent -p in 0 4 saturated ammonium sulfate pH .1 5 at 10° C. blope BC measured *= 0.42, cal¬ 
culated * o 48. fKunit7 and Northrop 10 .] 


The uppeimost curve, a, and the lowest curve, 7 , indicate the solubilitie> 
of a and 7 chymotrypsin by themselves, from which the slope BC in the 
middle curve can be obtained if one knows the proportions of a and 7 
in the mixture, or vice versa. It will be noted that the a chymotrypsin 
curve slopes gently instead of being horizontal. This indicates a small 
amount of impurity present in solid solution. 

For solid solutions, one does not obtain linear plots with breaks, but 
curves which show early deviations below the initial unit slope, and which 
continue to rise as the amount of total solid added is increased. If such 
curves are found one may be sure that the preparation is irnpuie. On the 
other hand, if a unit slope followed by a horizontal line is obtained, it is 
an excellent criterion of purity, especially if the same result holds in other 
solvents. In conjunction with electrophoretic and ultracentrifugal 
homogeneity, this provides the most satisfactory evidence in our pos¬ 
session for the purity of proteins. 

BIOLOGICAL ACTIVITY 

Specific biological activity itself muat tell us whether it is the almost 
pure substance or the impurity in which we are really interested. It 
must be borne in mind that different proteins, from different species, 
may have similar biological activity risobiological), although they differ 
physicochemically and serologically, and can thus be distinguished. A 
protein molecule may also be capable of undergoing more or less pro¬ 
found alteration which may decrease, increase, destroy or retain a bi¬ 
ological activity originally present. From this standpoint great care is 
necessaiy in achieving purification lest “the stream be found purer at its 
source.” 

Constant biological activity must be considered, from the practical 
point of view, as a most important criterion of purity of biologically 
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active pioteins if sufficiently accurate methods of assay are available. 
The activity may depend upon a small portion of the molecule, the pros¬ 
thetic group, such as iron in hemoglobin, copper in hemocyanin, thyroxin 
in thyroglobulin. riboflavin in Warburg’s yellow enzyme, etc. The same 
prosthetic group may be a component part of otherwise different proteins 
which therefore exhibit similar biological activity. Such substances, 
isobiological in one respect may be heterobiolological in others. For 
example, hog and sheep metakentrin both possess similar biological 
activity as hoimones but can be distinguished from one another by sero¬ 
logical means. Also, they differ physicochemically as proteins, having, 
among other things, different isoelectric points. However, in many pro¬ 
teins, such as insulin, certain enzymes, etc., no prosthetic groups have 
been identified with their specific biological behavior. 

DISCUSSION AND SUMMARY 

The judgment of purity of a protein or other substance is a practical 
matter. Where biologically active substances are concerned the evidence 
required for reaching a reasonable judgment must come from the bi¬ 
ologist, the organic chemist, and the physical chemist. Purity should 
then be defined in operational terms, the more evidence the better. We 
should have accurate biological assays from the biologist, if possible; 
evidence from the chemist regarding constancy of analytical figures 
for certain specifically significant groups or atoms; evidence from the 
physical chemist regarding homogeneity in electrophoresis, the ultra¬ 
centrifuge, and solubility. These factors have been discussed briefly 
and the principles on which the physicochemical methods are based have 
been outlined. 

If the biologist and physical chemist can agree as to what fraction of 
a preparation appears to be “the substance” and what appears to be im¬ 
purity, then the evidence from the physical chemist provides the best 
criteria of purity within the limitations of the experimental methods. 



HORMONES OF THE POSTERIOR LOBE OF THE 
PITUITARY GLAND 

By George W . Irving, Jr., and Vincent du Vigneaud 

From The Rockefeller Institute for Medical Research 
and Cornell University Medical College y Xew Yorl\ New York 

INTRODUCTION 

In the fifty years that have elapsed since the first demonstration of 
the blood pressure raising action of injected extracts of the posterior 
hypophysis 1 * 2 a remarkable number of biological properties have been 
attributed to this gland. Besides exhibiting a pressor effect, an aqueous 
extract of the posterior lobe may be capable of effecting contraction of the 
musculature of the uterus, intestine, stomach, esophagus and gall bladder; 
of influencing the secretion of urine, milk, gastric and pancreatic juice and 
bile, and of exerting various effects upon the heart, respiration, metabo¬ 
lism and pigmentation. It is possible that several of these effects may be 
due to the presence in crude extracts of substances, like histamine, which 
are not peculiar to the posterior lobe but extractable from a variety of 
other animal tissues. Moreover, a few of the actions mentioned may 
possibly be due to substances which arise in portions of the hypophysis 
other than the posterior lobe, present as contaminants in posterior lobe 
extracts. Certain of these effects have been sufficiently well charac¬ 
terized, however, to justify their classification as pharmacological, if 
not truly hormonal, properties of the posterior lobe itself. The most 
clearly established pharmacological properties of posterior lobe extracts 
are the effect upon mammalian blood pressure (pressor action), the ef¬ 
fect upon uterine muscle (oxytocic action), and the effect upon the rate 
of mine excretion (antidiuretic action). It is with these three activities 
and particularly the pressor and oxytocic activities, that we are con¬ 
cerned in this discussion. 

Thus far, the use of the singular or plural of the word hormone has 
been avoided in referring to the properties of the posterior lobe since at 
present it is impossible to decide whether onfy one or more than one 
active principle exists in the gland under physiological conditions. Fur¬ 
thermore, in the biochemical approaches to the posterior lobe problem, 
as in most investigations of the endocrines, the gland tissue is subjected 
to conditions which are far from physiological. Consequently, a dis- 

1 Oliver, Oh, & Schafer, E. ▲. Jour. Physiol. 18: *77. 1893. 

•* Howell, W. H. Jour. Exp. Med. 8:843. 1898. 
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tinction must be made between the chemical conditions that prevail in 
the living gland and those that exist in the dead tissue extracts commonly 
employed in laboratory investigations. As practically all of the bio¬ 
chemical data to be discussed have been obtained with gland extracts, 
it may be advisable to make a brief preliminary examination of the 
evidence to determine, if possible, whether we may consider the several 
activities of posterior lobe extracts to be the properties of a single mole¬ 
cule or of separate molecules. 

No pure crystalline compounds possessing any of the three activities 
mentioned have been isolated from posterior lobe tissue. However, by 
fractionation procedures Kamm, 3 Stehle, 4 and du Vigneaud 6 and their 
respective associates, have obtained non-crystalline preparations of 
high pressor potency and very low oxytocic activity. Similarly, amor¬ 
phous preparations of high oxytocic potency and negligible pressor ac¬ 
tivity have been obtained. Such fractionations can be carried out with¬ 
out destruction or loss of either activity and no qualitative differences 
can be detected between the pharmacological responses obtained with 
each of the separate fractions and the corresponding effects exhibited 
hy unfractionated extracts. Additional evidence which favors the 
separability of the pressor and oxytocic activities can be found in the 
work of Dudley, 6 Schlapp 7 and Draper 8 w T ho found that butyl alcohol 
extraction of acid posterior lobe extracts removed oxytocic activity at a 
much greater rate than it removed the pressor activity. Electrophoresis 
experiments 9 10 have shown that the mobility of the pressor activity is 
many times greater than the oxytocic, both in solutions of purified frac¬ 
tions and in the untreated press juice from fresh posterior lobes. Fi¬ 
nally, it has been shown that the substances responsible for the pressor 
and oxytocic activities possess different isoelectric points. 11 

From these facts it would appear that by suitable treatment of pos¬ 
terior lobe extracts a substance which accounts for the pressor activity 
can be separated from one w T hich accounts for the oxytocic activity and 
that each fraction can exert its pharmacological effect independently of 
the other. Considered in this light it is justifiable to speak of the sub¬ 
stances responsible for these actions as the pressor and oxytocic prin¬ 
ciples or hormones. 

3 Kamm , O., Aldrich, T. B., Grote, I. W., Rowe, L. W., & Bugbee, X. P. Jour. Am. Chem. 
Soc. 50: 573. 1928. 

* Stehle, B>. L.,& Fraser, A. M. Jour. Pharmacol. 55: 136. 1935. 

'' Irving, G. W. f Jr., Dyer, H. & du Vigneaud, V. Jour. Am. Chem. Soc. 63: 503. 1941. 

Dudley, H. W. Jour. Pharmacol. 14: 295. 1919. 

7 Schlapp, W. Quart. Jour. hrp. Phjsiol. 15: 327 1925. 

s Draper, W. B. Am. Jour. Physiol. 80: 90. 1927. 

8 du Vigneaud, V., Irving, G. w., Jr., Dyer, H. M., & Sealock, R. B. Jour. Biol. Chem. 123: 

45. 1938. 

10 Irving, G. W., Jr., & du Vigneaud, V. Jour. Biol. Chem. 123: 485. 1988. 

11 Cohn, M., Irving, G. W., Jr., & du Vigneaud, V. Jour. Biol. Chem. 187: 635. 1941. 
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Evidence concerning the antidiuretic effect is far from convincing but 
there is a possibility that this effect may also be due to a separate prin¬ 
ciple. Kamm 3 found that antidiuretic activity was extremely low in 
his purified oxytocic fractions hit was present in large amounts in potent 
pressor preparations. This indicated that the oxytocic principle was 
probably not concerned with antidiuretic activity. ^Moreover, Gilman 
and Goodman 12 claim that antidiuretic activity is resistant to the action 
of certain reducing agents which destroy oxytocic activity. Heller 13 
has shown that during heat inactivation over a wide pH range (0.57 to 
10 .0), pressor activity is lost slightly more rapidly than antidiuretic 
activity, indicating that these two effects may be due to different agents. 
Until more data are available, conclusions regarding the status of the 
substance responsible for antidiuretic activity must be withheld. 

On the basis of the evidence outlined above, workers have come to 
regard the pressor and oxytocic activities as manifestations of two sep¬ 
arate hormones. It should be emphasized, how r ever, that none of this 
evidence precludes the possibility that the separate hormones may be 
linked together in the form of a single, composite molecule, in the gland 
itself or even in aqueous gland extracts. The proof of the existence of 
such a “mother-molecule” rests upon its isolation and the demonstration 
that it not only accounts for all of the pharmacological properties of the 
gland, but also lends itself to fragmentation under the relatively mild 
conditions employed for the fractional separation of the pressor and oxy¬ 
tocic principles. Professor Abel and his collaborators at Johns Hopkins 
long maintained that the activities of the posterior lobe w~ere properties 
of a large, labile c ' ‘mother-molecule” but they were unable to secure con¬ 
clusive proof. 11 In recent months, however, van Dyke and his asso¬ 
ciates at the Squibb Institute have gone a long way toward achieving 
this goal. 13 These investigators have isolated from the posterior lobe of 
oxen a protein w T hich appears to be homogeneous and w’hich possesses 
pressor, oxytocic and antidiuretic activity. Ultracentrifugal data 
obtained by Rosenfeld 16 also indicate that the pressor and oxytocic acti¬ 
vities in the press juice from fresh posterior lobes may be associated with 
a rapidly sedimenting substance, presumably a protein, w’hich is not 
present in purified preparations of the tw’o principles. 

From this brief survey it is clear that it is possible to obtain from ex¬ 
tracts of the posterior lobe separate chemical entities which are respon- 

^ Gilman, A., & Goodman, L. Jour. Physiol. 90; 113. 1037. 

13 Holler, H. Jour. Physiol. 96: 337. 1039. 

14 Abel, J. J. Jour. Pharmacol. 40; 139. 1930. , . , , 

is van Dyke, H. B.» Chow, B. 7., Creep, &. O. & Bothen, A. Am. Jour. PhynoL IBS: 478. 
1941; Abstracts, 102nd Meeting Am. Chem. Hoc. 1941, p. IM0. 

1 b Rosenfeld, M. Bull. Johns Hopkins Hosp. 66: 398. 1940. 
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sible for the oxytocic and pressor activities, respectively; but it is not 
clear whether or not these separate entities exist as such in the gland and 
in certain types of extracts made from the gland. As we have pointed 
out, recent work makes it necessary seriously to consider anew the pos¬ 
sibility of the existence of a “mother-molecule* 1 * which possesses both 
activities, and which is cleaved in the 00111*80 of extraction or fraction¬ 
ation. We shall consider this point in greater detail later in this report. 

In discussing the chemistry of the posterior lobe we are concerned 
with a review of the properties and behavior of the several active, amor¬ 
phous preparations that have been isolated from the gland by various 
procedures. First we shall discuss very briefly the assay techniques used 
in these investigations. Next wo shall discuss the methods of prepara¬ 
tion and the chemical and physical properties of the separate pressor and 
oxytocic preparations. Finally, we shall make a similar survey for the 
protein isolated by van Dyke and his associates. With this information 
before us we maj r be in a position to make further comment upon the 
unitary and multiple hormone concepts. 


ASSAY METHODS 


Pressor Assay 


The development of the pressor assay method is largely due to the work 
of Hamilton and Rowe. 17- " 19 The test animal is the anesthetized dog or 
cat. Changes in blood pressure in a cannulated carotid artery are reg¬ 
istered by means of a mercury manometer and recorded on a smoked 
drum of the familiar kymograph. The solution to be assayed is injected 
into a leg vein and, after an interval of 15 minutes, is followed by an 
injection of the reference standard. Alternate injections of the un¬ 
known, in increasing amounts, and the standard are made at 15 minute 
intervals (to avoid tachyphylaxis) until the blood pressure rise due to 
the unknown is approximately equal to that produced by the standard 
in at least two successive pairs of responses. Since the pressor content 
of the Standard dose is known, the ratio between the heights of the stand¬ 
ard and unknown responses gives directly the pressor content of the 
volume of unknown injected. As used routinely, the accuracy of the 
method is hardly better than ± 20 per cent. 

The pressor standard used is a powdered preparation of desiccated 
fresh beef posterior lobes (Standard Powder) which contains 2 Inter¬ 
national Pressor Units per mg. when prepared as prescribed by the U. S. 


^Hamilton, H. C. Jour. Am. Pharm. Assoc. 1: 1117. 1912. 

J* Baanflton,H. C., & Rowe, L. W. Jour. Lab, Clin. Med. 2: 120. 
19 Rowe, L. w. Endocrinology 13: 205. 1029. 


1916. 
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Pharmacopoeia. This standard was originally established by the Con¬ 
ference on Biological Standardization of the League of Nations to serve 
as the oxytocic standard 20 but has since been adopted as the standard 
for pressor and antidiuretic assay. 21 It is agreed that 1 mg. of the Stan¬ 
dard Powder contains 2 units of each of the three activities. 

The pressor assay dose varies between 0.1 and 0.5 unit (0.05 to 0.25 
mg. of Standard Powder). Since this small amount of material usually 
produces a blood pressure rise of approximately 10 mm. of mercury, the 
pharmacological effectiveness of the pressor principle is apparent. This 
effectiveness is better appreciated when it is realized that only 0.5 to 2.5 
micrograms of a purified pressor preparation (200 units per mg.) is re¬ 
quired to produce the same response. 

Oxytocic Assay 

Two methods are available for oxytocic assay. One of these involves 
the measurement of contraction in an isolated strip of uterus of the 
guinea pig. The second method involves the measurement of the fall 
in blood pressure in the fowl. 

The uterine strip procedure was suggested and developed by Dale and 
Laidlaw 22 and was later modified by Bum and Dale. 23 The official 
method of the U. S. Pharmacopoeia X is essentially a refinement of their 
original technique. 

One hom of a virgin guinea pig uterus is suspended in a constant 37° C. 
bath of a balanced physiological salt solution (usually Ringer-Locke 
solution). One end of the strip is fixed while the free end is fastened to 
a light lever which registers the extent of movement on a kymograph 
drum. The solution to be assayed and the standard are added to the 
bath alternately in varying doses until quantities of the two solutions 
are found which give equal, sub-maximal contractions in at least two 
successive pairs of responses. After each contraction the bath solution 
is discarded and renewed. The oxytocic activity of the unknown is 
calculated from the ratio between the unknown and standard responses. 
The accuracy is ± 20 per cent. 

The depressor action of pituitary extracts upon the blood pressure of 
decapitated ducks was first observed by Paton and Watson. 24 Subse¬ 
quent investigation has shown that the effect can also be produced in 
anesthetized fowls and that it is due to the oxytocic principle. This 

. 20 League of Nations, Report by the Second International Conference on Biological Standardisa¬ 
tion of Certain Remedies. Geneva. August, 1925. p. 14. 

21 League of Nations. Quart Bull, of the Health Organization 5: 572, 582. 1986. 

22 Dale, H. H., & Laidlaw, P. P. Jour. Pharmacol. 4: 75. 1912. 

as Bum, J. H., & Dale, H. H. Med. Res. Counc. Spec. Rep. Series No. 69. 1922. 

24 Paton, D. N., & Watson, A. Jour. Physiol. 44:418. 1912. 
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effect lias recently been utilized by Coon, 23 working in the laboratory of 
Professor Geiling at the University of Chicago, in developing the fowl 
blood pressure method for oxytocic assay. 

Blood pressure changes in a cannulated leg artery (ischiatic) of an 
anesthetized hen or rooster are recorded in a manner similar to that used 
in the pressor assay. The solution to be assayed is injected into an 
exposed leg vein (crural) and it is followed, after a 3 to 5 minute interval, 
by an injection of the reference standard. Alternate injections of stan¬ 
dard and unknown are made in this manner until closely similar de¬ 
pressor responses are obtained. The oxytocic activity of the injected 
dose of unknown is then calculated from the ratio between these two re¬ 
sponses. Reproducibility and accuracy are as good with the fowd blood 
pressure method as with the uterine strip technique and the former offers 
the advantage of being a less temperamental test subject. The tw T o 
methods agree w r ell in the assay of unknowns provided the pressor: oxy¬ 
tocic ratio does not exceed 2.5. However, Coon argues that there is no 
reason to suspect the fowi blood pressure values as being the incorrect 
ones in such cases. 

The oxytocic standard is the previously described Standard Powder 
containing 2 oxytocic units per mg. In the uterine strip method a dose 
of 0.2 unit produces a contraction of several mm. In the fowl a similar 
dose (0.4 to 0.8 micrograms of a purified oxytocic preparation) produces 
a blood pressure drop of 20 to 40 mm. The enormous pharmacological 
effectiveness of the oxytocic principle is obvious. 

Antidiuretic Assay 

The usual method for antidiuretic assay is similar to that of Gibbs 26 
as modified by Burn. 27 Five*cc. of water per 100 gm. body w r eight are 
administered by stomach tube or intraperitoneal injection to each of 
several rats and the solution to be assayed is injected into each animal. 
The rats are caged together and the time required for the rate of urine 
excretion to reach a maximum, or the time required for the excretion to 
attain 50 per cent, is determined. Another group of rats is treated sim¬ 
ilarly except that a known amount of standard is injected instead of the 
unknown. The ratio between the standard and unknown time intervals 
serves as the basis for calculating the antidiuretic activity of the un¬ 
known. The error is usually less than 20 per cent if precautions are 
taken to rule out the individual variations between groups of test animals. 

The assay dose is approximately 0.006 unit per 100 gm. body weight. 

2 3 Coon, J. M. Arch, inter. Pharmacodynamie 62: 79. 1989. 

26 Gibbs, O. S. Jour. Pharmacol. 40: 129. 1930. 

37 Burn, J. H. Quart. Jour. Pharm. IV: 517. 1981. 
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This close reduces the rate of urine excretion to about 50 per cent of that 
found in an untreated animal. Since the method is capable of differen¬ 
tiating doses diffeiing by as little as 0.002 unit (approximately 1 micro¬ 
gram of Standard Powder), the weight of purified fractions required to 
produce a similar response is vanishingly small. 

PURIFICATION OF THE PRESSOR AND OXYTOCIC 
PRINCIPLES 

Procedures for the purification of the active principles have depended, 
in general, upon the solubility of the principles in water or aqueous sol¬ 
vents and their relative insolubility in organic solvents and in concen¬ 
trated salt solutions. However, the principles are soluble to some extent 
in the lower alcohols, particularly if small amounts of water are present, 
and this solubility increases markedly as the principles are purified. In 
some cases solubility in organic solvents is also increased by the presence 
of acid. In partially purified preparations, the oxytocic principle is more 
soluble than the pressor in certain organic solvents. Use has been made 
of this property in procedures for separating these two principles. The 
principles are appreciably soluble in a few of the lower molecular weight 
fatty acids, acetic acid being the best of this series. Various organic 
acids and metallic salts as well as numerous adsorbents have been used 
with varying degrees of success for the purification and separation of the 
principles. Unfortunately, separation of the active material and the 
reagent, or elution of the active material from the adsorbent, usually 
results in sufficient loss or destruction of activity to discourage extensive 
use of such procedures. Recently, however, Potts and Gallagher 28 have 
used chromatographic adsorption on artificial zeolites as a means for 
separation and purification of the pressor and oxytocic principles. No 
details have been published but it appears that separate pressor and 
oxytocic preparations having potencies much higher than any previously 
reported have been obtained by this procedure. 

For the initial gland extract dilute acetic acid (0.05 to 0.5 per cent) 
has been favored since it is a good solvent and since the pH of the re¬ 
sulting solution lies close to the pH of maximum stability (pH 3.0). 

Three methods for obtaining separate pressor and oxytocic prepara¬ 
tions, each adaptable to large scale work, will be described to illustrate 
the steps involved, the yields obtained and the potencies of the products. 
The steps involved in these three procedures are shown schematically 
in tables 1-3. For comparative purposes the yields given have been 

*s Potts, A. M., A Gallagher, T. F. Proc. Soc. Biol. Chem., Jour. Biol. Chem. 140: p. ciii. 1941. 
Jour. Biol. Chem. 143: 561. 1942. 
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recalculated to show the amounts of purified pressor and oxytocic frac¬ 
tions which can be obtained from 1 kg. of dry posterior lobe3 or its equiva¬ 
lent in fresh gland tissue. Potencies of products are expressed in terms 

Table 1 

Ptjrific a.tion Procedure op Kamm and Coworkers^ 
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of International Units per mg. of solid. It should be noted that as these 
figures represent averages in most cases, the yields and potencies of the 
products obtained in individual experiments will vary slightly from 
those given. 

The figures in tables 1-3 indicate that the most potent pressor prepa¬ 
rations contain approximately 200 units per mg. Such preparations 
also contain small amounts of oxytocic activity. As mentioned pre¬ 
viously, however, the accuracy of oxytocic assays in the presence of such 
large amounts of pressor activity is open to question. Moreover, the 


Table 2 

Purification Procedure of Stehle and Fraser 4 





Potency, 
Units per mg. 

Total, 

Activity 

Fraction 

Weight 

Procedure 

Pres¬ 

sor 

Oxy¬ 

tocic 

Pres¬ 

sor 

Oxy¬ 

tocic 


gnu 




Per¬ 

cent 

Per 

cent 

A 

1000 

Acetone desiccated posterior 
lobes 

Extracted with hot 0.5 per 
cent HAc; concentrated; 
treated with absolute 
ethanol. 

i 

Alcohol precipitate 

Dissolved in 0.5 per cent 
H 2 SO 4 ; Ba(OH) 2 , Fe2(S04)j 
and dialysed iron added; 
filtrate concentrated to 
dryness; dissolved in 96 
per cent methanol; frac¬ 
tionated with EtAc, re¬ 
peated twice 

1 

1 

100 

100 

B 

218 

4 

4 

87 

87 

C 

7.3 

* 

Precipitate 

Fractionated from ethanol 
or methanol with EtAc. 

| 100 

1 

30 

73 

22 

D 

2.0 

Precipitate 

200 

10 

40 

2 

tPressor) 


4. 

Methanol-EtAc mother- 
liquor fractionated with 
methanol, ethanol and 
EtAc. 





E 

(Oxytocic) 

0.55 Precipitate 

4 

250 

0.2 

14 
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possibility cannot be ignored that the pressor principle itself may pos^es> 
slight inherent oxytocic properties. A similar possibility must also be 
admitted regarding the presence of pressor activity in oxytocic prepa¬ 
rations. The most potent oxytocic preparation obtained has an activity 
of 250 units per mg. By procedures not fully described, Kamm and his 
coworkers 3 state that they were able to prepare an oxytocic fraction 
having an activity of 350 units per mg. In a later paper 29 it was indi¬ 
cated that potencies as high as 500 oxytocic units per mg. had been 
attained. The pressor and oxytocic preparations described recently by 
Potts and Gallagher 28 contain 450 and 700 units per mg., respectively. 

The purified pressor and oxytocic preparations are white or slightly 
cream colored, amorphous powders. Hygroscopicity varies but is 
usually insufficient to cause trouble in weighing or handling under or¬ 
dinary conditions. The activity of these dry preparations is quite stable 
for periods of at least several months. 

CHEMICAL AND PHYSICAL PROPERTIES OF THE 
SEPARATE PRESSOR AND OXYTOCIC 
PREPARATIONS 

Analysis 

The first significant analytical study of posterior lobe hormone prepa¬ 
rations was undertaken by du Vigneaud and his associates in 1933 29 
when it was shown that these preparations contain relatively large 
amounts of cystine sulfur and tyrosine. These data together with ana¬ 
lytical figures obtained subsequently in other laboratories are given in 
table 4. Data are included for several purified pressor and oxytocic 
preparations and for a few preparations of low potency. The differences 
between the analytical values for a given constituent may appear to be 
great but, inasmuch as the materials analysed were prepared by different 
procedures and the determinations made by different methods, such 
variations are not surprising. The figures indicate that highly purified 
pressor preparations contain large amounts of cystine, tyrosine and 
arginine, while highly purified oxytocic preparations contain closely 
similar amounts of cystine and tyrosine but considerably less arginine. 
Unfortunately, the preparations analysed are not pure substances. Con¬ 
sequently, the analysis of a few preparations provides no sound basis for 
predicting the composition of the principles themselves. 

Very limited but more indicative information concerning the probable 
composition of the principles has been gained by the systematic analysis 

du Vigneaud, V., Se&Iock, R. R., Siilerd, B. H., Kamm, O., & Grote, I. W. Proc. Sot. 
Biol. Chem., Jour. Biol. Chem. 100 r p. xciv. 1933. 
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30 Bealock, R. R. A thesis submitted to the George Washington University. 1085. 
3 i Treudenberg, K., Weiss, B. & Biller, H. Z. physiol, ( hem. 233: 17*. 103.5. 
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of preparations of different potencies. Data obtained in this manner 
for both pressor and oxytocic preparations show that the sulfur content 
of these preparations increases progressively as the pressor or oxytocic 
potency increases, indicating that both principles undoubtedly contain 
sulfur. 38 Likewise analytical figures for tyrosine and cystine strongly 
indicate the presence of these two amino acids in the pressor principle 5 
as shown in figurk l. Similar analyses for arginine in both principles 



Fiulrl I. 


and for cystine and tyrosine in the oxytocic principle have not been 
carried out. 

Stehle and Trister 32 have recently examined purified pressor and oxy¬ 
tocic preparations for a large number of amino acids. These data are 
tabulated in table 5. In this work, rather large amounts of each of the 
purified preparations were hydrolyzed in 20 per cent HC1, and at¬ 
tempts were made to Isolate certain amino acids or their derivatives 
from the h 3 r drolysates. Where the results were positive, the yields were 
sufficiently large to permit purification and characterization of the pro- 


J - Stehle, R. L., & Trlster, S. M. Jour. Pharmacol. 65: 343. 1939. 
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Tabll o 

iDiATitit vnox uf Am ixo Acids in Hydrolysates of Pressor 
and Oxytocic Preparations 32 


Vmii b 

Characterized by 

Pressor 

prepara¬ 

tion 

Oxytocic 

prepara¬ 

tion 

Tvi odne 

Pierolonate 

4- 

■ * 

( \>tine 

Amino acid, hvdantoin 

+ 

_L * 

.irginine 

Flavianate 

4- 

-r- 

Prjline 

Reineckate 

T 

T 

I>uleueine 

Hydantoin 

T 

— 

Leucine 

Hydantoin 

— 

T 

Histidine 

Colorimetric test 

— 

_ jt 

Glutamic acid 

Hydrochloride 

— 

— 

Phenylalanine 

Pierolonate 

— 

— 

Hydroxyproline 

Reineckate 

— 

— 

Glycine 

Orthophthalic aldehyde 

— 

— 

Tryptopliane 

Colorimetric test 

trace 

trace 

Cysteine 

Calorimetric test 

— 

— 


* treudenbp’-gamJcouorke-s tound fc\robiae, <> stme md histidine in the livdruh sate ofan owtotu 
p-eoaMtlo* i 10 units per m*j . 


duet. Qualitative tests were also applied in some eases. These results 
show that tyrosine, cystine, arginine, and proline can be isolated from 
hydrolysates of both pressor and oxytocic preparations. Isoleucine 
^eems to be present only in the pressor fraction while leucine appears to 
l>e present only in the oxytocic fraction. Stehle and Trister failed to 
find significant amounts of histidine, glutamic acid, phenylalanine, 
hydroxy proline, glycine, or tryptophane in either preparation. Xo tests 
have been made to determine the presence or absence of alanine, aspartic 
acid, hydroxyglutamic acid, lysine, methionine, serine, threonine, or 
valine. With respect to the positive results in tablt: 5, it should be re¬ 
emphasized that since the purity of the preparations examined has not 
been established, inferences regarding composition of the principles them¬ 
selves mu*t be made with caution. 

Freudenberg and Biller*' have reported the isolation of choline as the 
reineckate from a sulfuric acid hydrolysate of an oxytocic preparation 
containing 2o0 oxytocic units per mg. and estimate from the yield that 
more than 1 per cent of choline could be present in the oxytocic principle. 
Prompted by this observation, and the hypothesis that the oxytocic prin¬ 
ciple might be a choline e<?ter of an amino acid or peptide, Freudenberg 
and Kellei 34 and later Gulland, Partridge and Randall* 5 synthesized many 
choline esters of this type but, so far, none of the synthetic products ex¬ 
hibits significant oxytocic activity. Apparently the possibility was not 


>Freudenberg, K., A Biller, H. Nature lssensch. *4: j*3. 1936, 

* Freudenberg, K., A Keller, B. Ber. 71B: 3*0, 1038. 

-Gulland, J. M., Partridge, M. W, A Randall, S. S. Jour. Cbem. Sot. p. 410. 


1940. 
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considered that the choline might have been present as an impurity in 
the original oxytocic preparation. 

In purified pressor preparations choline is absent. ,b We have found 
that hvdroivsates of highly purified pressor fractions exhibit a powerful 
depressor action upon mammalian blood pressure, a fact which is sug¬ 
gestive of choline. This action is not appreciably increased by acetyla¬ 
tion nor is it blocked by atropinization under conditions in which control^ 
with added choline respond in the expected manner. Furthermore, 
injections of large amounts of an unhydrolvzed pressor fraction into an 
animal which has been made refractory to the pressor principle by rap¬ 
idly repeated injections, produce a depressor response that is qualita¬ 
tively and quantitatively identical with that obtained by using an 
equivalent amount of hydrolysate of the same pressor fraction. In 
other words, the depressor action of the unhydrolyzed material becomes 
evident when the masking effect of the predominant pressor action is 
eliminated either by hj'drolysis or by test upon a pressor-refractory 
animal. In our opinion these observations show conclusively that the 
substance responsible for the depressor action of hydrolyzed pressor 
preparations is not choline and further, that this substance is not an 
integral part of the pressor molecule. Tests upon fractions obtained at 
various stages in the purification of the pressor principle show that this 
depressor impurity is present in relatively large amounts in crude gland 
extracts and that it is partially eliminated in the purification process. 
From its solubility and pharmacological behavior it is likely that the 
substance may be histamine, which has been isolated from posterior lobe 
extracts. 37 Only 0.01 mg. of histamine per 100 mg. of potent pressor 
preparation could account for the depressor effects observed. 

A similar study of potent oxytocic preparations would be of definite 
value in clarifying the present status of the oxytocic principle with 
respect to choline. 


Molecular Weight 

With the possible exception of choline, significant amounts of sub¬ 
stances other than amino acids have not been found in hi'drolysates of 
either principle. Furthermore, elementary analysis indicates the pres¬ 
ence of approximately 15 per cent nitrogen and 3 per cent sulfur. These 
facts, together with the information concerning solubility behavior 
gained from purification studies, have naturally led to the supposition 
that the principles themselves are either proteins or polypeptides. Con- 

36 du Vigneaud, V., & Irving, O. W., Jr. Unpublished data, 

37 Abel, J. J. f & Kubota, S. Jour. Pharmacol. 13: US. 1919. 
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sideral »Ie evidence available to substantiate this view. Positive 
biuret and ninhydrin color reactions are obtained with purified prepa¬ 
ration- of both principles. Acid hydrolysis rapidly destroys pressor, 
oxytocic and antidiuretic activity with the simultaneous liberation of 
amino acids. Hydrolysis of potent pressor and oxytocic preparation* 
result* in a four- to fivefold increase in amino nitrogen. Certain pro¬ 
teolytic enzymes rapidly destroy all three activities 

It may lie concluded, therefore, that the molecules responsible for the 
activities of pressor and oxytocic preparation* contain amino acids joined 
in peptide linkage, and that the presence of the intact peptide structure 
b essential for the pharmacological activity of these molecules. Since 
it is obviou* that either a peptide or a protein could satisfy these re¬ 
quirements additional evidence must be examined to determine the 
approximate *ize of the active molecules. 

As early a* 1899 Schafer and Vincent - '' discovered that pressor activity 
i- not retained by dialyzing membrane*. From this observation, which 
has been confirmed and extended to include the oxytocic and antidi¬ 
uretic activities, it is evident that the size of the molecules responsible 
for these activities is of a much lower order of magnitude than even the 
simplest proteins. Approximations of molecular size have been ob¬ 
tained by comparing the rate of dialysis of the principles with the rates 
for substances of known molecular weight. Smith and McClosky* 
found that all three activities passed rapidly through a collodion mem¬ 
brane winch was completely impermeable to trypan blue (mol. wt. 932). 
The diffusion rates for the two principles were approximately equal and 
agreed closely with the rate for methylene blue (mol. wt. t 374 ). Kamnr 
found that the pressor and oxytocic principles diffused through collodion 
at about half the rate of adrenalin (mol. wt. 183» and estimated the 
molecular weights of each of the two principles to be in the neighborhood 
of 600. On the basi* of ultracentrifuge studie* Rosenfeld 11 agrees that 
Kamm ? * e*timate is probably of the correct order of magnitude, rince 
the pre*sor and oxytocic activities contained in commercial preparation** 
of the two principles ipitre&sin and pitocin), showed but little tendency 
to sediment after nearly 6 hours of centrifuging at 61,000 r.p.m. Mole¬ 
cular weight estimates have also been made from analytical data. Stehle 
and Fraser 4 find that the simplest molecular weights which can be cal¬ 
culated from the sulfur contents of the purified principles as*uming that 
the *ulfui i< present as cystine sulfur, are 1778 for the oxytocic and 2160 
for the pie**ur principle. Assuming 1 amino group per molecule a 


Jour. Ffa}uuLiS:*7. 1899. 

” Smith, M. L, & McClosky, W. T. Jour. VlurnucoL 24: 371 . 
* » JCunm, O. *« iemr* €7; 1OT 1938. 
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molecular weight of 700 can be calculated from Stehle and Frasers figures 
which indicate the presence of approximately 2.0 per cent amino nitrogen 
in the unhydrolyzed preparations. Potts and Gallagher 28 find that the 
cystine and tyrosine values for their 700 unit oxytocic fraction are in 
good agreement with a minimum molecular weight of 1300 for the oxy¬ 
tocic principle, assuming the presence of one molecule of each amino 
acid. On the same basis, a closely similar minimum molecular weight 
can be calculated for their 450 unit pressor fraction. 

The evidence presented so far indicates (1) that the two active princi¬ 
ples are polypeptides; (2) that they have molecular weights between 600 
and 2000; and (3) that they probably contain cystine, tyrosine, and 
arginine and possibly proline and leucine or isoleucine. Aside from the 
very significant fact that the highly purified oxytocic preparation of 
Potts and Gallagher 25 seems to contain considerably less arginine than 
their purest pressor fraction none of the evidence presented so far reveals 
any striking chemical or physical differences between the two principles 
nor does it indicate what parts of the molecules are necessary for their 
pharmacological activity. A number of approaches have been used in 
an attempt to throw additional light upon these questions. 

Action of Enzymes 

The action of proteolytic enzymes has been investigated almost en¬ 
tirely from the standpoint of their effects upon the activity of purified 
preparations. Trypsin preparations rapidly destroy pressor, oxytocic 
and antidiuretic activity whereas pepsin has no effect upon any of them. 
41-47 Results with papain are in disagreement but it is probable that this 
enzyme destroys oxytocic activity. 44 ’ 45 ’ 48 Extracts of kidney, liver, 
muscle, blood, yeast, and intestinal mucosa destroy pressor and oxytocic 
activity. 45 ' 49 Gulland finds that aminopolypeptidase, dipeptidase, and 
proteinase preparations from yeast destroj- oxytocic activity, but be¬ 
lieves that the action is due to a separate enzyme present in each of these 
preparations and also present in trypsin preparations. Larson 49 believes 
that aminopolypeptidase alone is responsible for the destruction of 
pressor activity, dipeptidase being without effect. 

Besides establishing the inactivating effect of enzymatic hydrolysis of 
peptide bonds, these observations provide little information concerning 

1 Dale, H. H. Biochem. Jour. 4: 437. 1S09. 

3 Dudley, H. W. Jour. Pharmacol. 14: 295. 1916. 

* TJlorpe, W. V. Biochem. Jour. 20: 374. 1926. 

* Freudenberg, K., Weiss, E., ft Eyer, H. Natureissensch. SO: 658. 1982. 

« G-ulland, J. M., ft Macrae, T. F. Nature 131: 470. 1933. 

8 Gulland, J. M., ft Macrae, T. F. Biochem. Jour. 37: 1287. 1983. 

7 Gulland, J. M., ft Macrae, T. F. Biochem. Jour. 37: 1383. 1983. 

s Dale, H. H., ft Dudley, B. W. Jour. Pharmacol. 18: 27. 1921. 

9 Larson, E. Jour. Pharmacol. 88 : 846. 1938. 
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nature u: *he active molecules, but the difference between the action 
of tryp-in and pepsin bugged that more might be learned by this ap¬ 
proach. A careful study of the pituitary principles with a number of 
specific proteolytic enzymes might reveal certain structural possibili¬ 
ties or difference*. 

Other enzymatic btudie* indicate that prolinase and arginase exert no 
effect upon the activity of the oxytocic principle, 47 but tyrosinase causes 
complete inactivation." 1 This obervation points to the possible essen¬ 
tiality of the tyrosine phenolic grouping to the activity of the oxytocic 
principle. 


Action of Various Chemical Agents 


Investigation of the effects of various chemical and physical treat¬ 
ments upon the activity of the pressor and oxytocic principles has pro¬ 
vided material for speculation but very little concrete information as to 
the structure of the hormones themselves, as shown in table 6. 

It is well known that the principles are quite stable in dilute acid 
pH 3.0 .' J At this pH the principles may be boiled for several minutes 
without affecting their activity. It is equally well recognized that the 
principle* are quite unstable in alkaline solution. Exposure to 1 x 
alkali for a few hours at room temperature is sufficient to destroy 
completely both pressor and oxytocic activity 42 , and more vigorous 
treatment with alkali is accompanied by the liberation of hydrogen 
sulfide/" 

The action of many chemical agents upon the activity of purified 
oxytocic preparations has been extensively studied in the laboratories of 
** Guha 54-5 * 7 and Gulland 58 - 60 , but the experimental conditions 
used have varied so widely that it is hazardous to base any conclusions 
regarding chemical structure upon an analysis of the assembled data. 
Under these circumstances it is preferable to present the authors 1 in¬ 
terpretations as to the significance of their results. 

Kamm and coworkers were of the opinion that such reagents as 
NaaSCh. XaHSOrj. NaAO*, NasSaCh and SO 2 not only destroy pressor and 
oxytocic activity but that they convert the pressor principle into a 


3 

3 ^ 7 , 


Gadduxn, J. H. Biochem. Jour. 24: 939. 1930. 

Sullivan, M. X., ft Smith, M. 1. Public Health Reports. U. S. P. H. S. 43: 1334. 10*8. 
Ka mm , O., Grote. I. W„ ft Bo we, L. W. Proc. Soc. Biol. Chem., Jour. Biol. Chem. 92: p. Ixix. 

Kamm, O., ft Grote I. W. Canadian Patent 367,6*4, Jul> *7, 1937, Chem. Abs. 31: 68*3. 

Guha. B. CL, ft Chakxavorty, P. N. Indian Jour. Med. Res. 21: 4*9. 1933. 

Das, H., ft Guha, B. C. Indian Jour. Med. Res. 21: 763. 1934. 

Dm, N., ft Guha, B. C. Indian Jour. Med. Res. 22: 157. 1934. 

Daa.H., ft Guha, B. 0. Indian Jour. Med. Res. 22: 317. 1935. 

Gulland, J. M. Biochem. Jour. 27: 1*18. 1933. 

Gulland, J. M., ft Randall, S. S. Biochem. Jour. 99: 378. 1933. 

Gulland, J. Iff., ft Randall, 8. S. Biochem. Jour. 29: 391. 1935. 



1KVI\G AXD DU YIGSEAUD. POSTERIOR LOBE IIORMOSES 291 


“derived” hormone having a very low sulfur content and possessing 
antidiuretic activity. The chemical changes involved were not discussed 
nor have the experimental findings been confirmed. Gilman and Good¬ 
man 12 mention the fact that treatment with sodium sulfite does not cause 
lo* of antidiuretic activity. 

Guha and his collaborator* tested the effects of H 2 0>, HXO>, HXOj, 
Br 2 , SO«, and benzoyl and acctvl chlorides upon the activity of the oxy¬ 
tocic principle but refrained from discussing the structural implication* 
of their result-. Inactivation was obtained in all cases but the absence 
of adequate controls make* their estimates of the degree of inactivation 

questionable. 

Table 6 


Action of Various Agents Upon Purified Pressor and 
Oxytocic Preparations 


Agent 

Pressor 

Oxytocic 

Arid hydrolysis 

Inactivated 

Inactivated 

Alkali, cold 

a 

i» 

Na=SO 

n 

yy 

XaHSOs 

yy 

0 

XajSaOu 


? 

Naj&Ch 


9 

HXO 2 

0 

Inactivated 

XaCX 

9 

a 

H 2 O 2 

? 

a 

I 2 , Cl 2 . 

? 

it 

Ultraviolet light 

? 

a 

S0 2 

Inactivated 

Partial to complete inactivation 

HCN 

9 

Partially inactivated 

Benzoyl chloride 

0 

>1 a 

Acetyl chloride 

9 

a )l 

Electrolytic reduction 

0 

Partially inactivated 
(irreversible) 

Catalytic reduction 

9 

Partially inactivated 
(irreversible?) 

H 2 S 

9 

Partially inactivated 
(reversible) 

Semicarbazide 

9 

Unaffected 

Hydroxylamine 

9 

it 

Cysteine reduction 

Cysteine reduction followed by 

Unaffected 

ti 

benzylation 

Inactivated 

Inactivated 


Gulland and coworkers observed that HXO 2 completely inactivates 
the oxytocic hormone and believed that three separate reactions are 
involved in the inactivation process. In the first step nitrous acid is 
presumed to convert the principle rapidly into a derivative possessing 
35 per cent of the original potency. This derivative is then converted 
into a second intermediate having a potency of 20 per cent and finally 
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into a substance having no oxytocic* activity. Xo chemical changes were 
suggested to explain this behavior. 

Gulland and Randall found that inactivation by reduction could be 
reversed in some case^ by oxidation but that the degree of reactivation 
depended largely upon the reducing conditions used and the extent of the 
reduction. Thus, an oxytocic preparation which had been 50 per cent 
inactivated through the action of H 2 S for 24 hours could be completely 
reactivated by treatment with oxidized methylene blue at pH 4.2. On 
the other hand, when the same degree of reductive inactivation was 
accomplished catalytically or electrolytically, treatment with oxidized 
methylene blue caused only partial reactivation. By using a series of 
oxidation-reduction dyes the oxytocic principle was found to contain a 
redox system having a potential of E 0 ' = +0.025 volts at pH 6.0. When 
the system is completely oxidized the hormone is considered to be fully 
active; when fully reduced the activity is 50 per cent. Attempts were 
made to elucidate the structure of this redox system by studying the 
effects of the following reagents upon oxytocic activity: Xaj30 3 at pH 
+4, S0 2 at pH 5.5, XaCX at pH 7.8, HCX at pH 3.5, H 2 0 2 at pH 3.5 
and S.2,I 2 at pH 7.5, Cl 2 in acid solution, semicarbazide, and hvdroxyl- 
umine. Although these workers were unable to correlate their data 
with any definite structure they suggested that none of the results was 
opposed to the view that a disulfide linkage could be present in the hor¬ 
mone molecule if the corresponding reactions of cystine were used as an 
analogy. Thus, cystine is reduced by Xa 2 S0 3 and by NaCX and these 
compounds inactivate the oxytocic principle. Similarly, cystine is 
oxidized to cysteic acid by iodine and chlorine and the halogens also in¬ 
activate the hormone. Gulland and Randall are forced to admit, how r - 
ever, that SO* and HCX, which exert no effect upon cystine, both cause 
appreciable inactivation. Furthermore, H 2 0 2 which rapidly oxidizes 
cystine had a most peculiar action upon the oxytocic principle. In 
either acid or alkaline solution, H 2 0 2 first caused 50 per cent inactiva¬ 
tion, then a reactivation to 90 per cent, and finally complete destruction. 
In view 7 of these facts Gulland and Randall felt that they were not justi¬ 
fied in making definite the suggestion that a disulfide linkage is present 
in the oxytocic molecule. 

Gilman and Goodman 12 claim that antidiuretic activity is resistant 
to the reducing agents found by Gulland and coworkers to inactivate 
the oxytocic hormone. 

The chemical information available in 1935 suggested to Sealock and 
du Vigneaud 61 certain similarities between the posterior lobe principles 


01 SmAocfc, E. B., & du Vigneaud, V. Jour. Pharmacol. 54: 483. 1935. 
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an<l insulin. With the latter hormone it had been demonstrated* 0 that 
reduction of disulfide linkages in the molecule to the sulfhyrliyl foim by 
means of cysteine or reduced glutathione resulted in irreversible de¬ 
struction of hormonal activity. This technique seemed to provide a 
method for demonstrating whether or not the sulfur of posterior lobe 
preparations was actually present as a disulfide in the active principles 
and if so, whether or not reduction of this linkage caused inactivation. 
Solutions of highly purified pressor and oxytocic preparations, buffered 
at pH 8.0, were treated with an excess of cysteine at room temperature 
in an atmosphere of nitrogen for periods of 2 to 48 hours. With both 
preparations the reduced products and the products obtained by re¬ 
oxidation were found to be as active pharmacologically as the original 
preparations. In view of these results proof was needed that reduction 
by cysteine had been accomplished. It was reasoned that if the prin¬ 
ciples originally contained disulfide linkages, then the sulfhydrvl groups 
formed on reduction should be susceptible to benzylation or methylation. 
When the original preparations were treated with benzyl chloride or 
methyl iodide no change in activity resulted. But when the reduced 
solutions were treated similarly, until the test for sulfhydrvl groups was 
negative, all pressor and oxytocic activity was destroyed. In the latter 
experiments assays made at intervals during the benzylation showed 
that the activity decreased gradually over a 10 hour period, indicating 
that the inactivation was undoubtedly the result of the benzylation 
reaction. Suitable controls were run to show that the pH of the medium 
caused no injury to the active principles and that the reagents used did 
not affect the assay animals. 

The authors felt that the combination of cysteine reduction and ben¬ 
zylation, together with the effects of these treatments on pharmaco¬ 
logical activity, offered almost conclusive proof that the active principles 
contain a disulfide linkage and that a sulfhydryl group or a potential 
sulfhydryl group is essential to the activity of these hormones. 

The validity of these conclusions was questioned by Gulland and 
Randall 63 who maintained that cysteine had not been adequately estab¬ 
lished as a specific reducing agent for the disulfide linkage and conse¬ 
quently, results obtained through its use did not necessarily prove the 
presence of such a linkage. It was claimed further that the behavior 
of the hormones to reduction and benzylation could be explained on the 
basis of a number of redox systems, the reduced formfc of which might 

du Vigneaud, V., Fitch, A , Pek&rek, E., & Lockwood, W. W. Jour. Biol. Chem. 94: 233. 

1931. 

us Holland, J. M. & Randall, S. S. Jour. Soc. Chem. Ind. 55: 442. 1936. 
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hi* ^ureptible in benzylation with attendant loss of activity. Such 
reduced groups -OH and -XH- were suggested as possibilities. 

In reply to the criticism of Gulland and Randall, du Yigneaucl M em¬ 
phasized the fact that the conclusions drawn from the reduction experi¬ 
ments were not ba^ed upon the specificity of the reduction alone but 
upon the combination of reduction with cysteine and then inactivation 
by benzvlation after reduction. In other words, it would be necessary 
to visualize some grouping in the hormones which would be capable of 
being reduced by cysteine at a neutral pH at room temperature and 
which, only after reduction, would be benzylated under the conditions 
u^ed. Xo grouping other than the disulfide could be found to fit these 
requirements. Consequently, du Yigneaud felt that there is reason to 
believe that a disulfide does exist in the pressor and oxytocic hormones; 
that reduction of this group is obtained by treatment with cysteine; and 
that the sulfhydrvl forms of these hormones are active. 

Partial support for the conclusions of Sealock and du Yigneaud was 
provided by Freudenberg, AYeiss and Biller 31 who found that the oxytocic 
hormone remained fully active after treatment with sodium amalgam in 
alkaline solution even though sulfhydrvl groups were liberated. These 
workers also provided corroboration for the destruction of oxytocic 
activity by H 2 O 2 , alkali, neutral or alkaline sulfite, neutral or alkaline 
iodine, catalytic reduction and ultraviolet light. However, acid iodine 
was found to be without effect. Partial reactivation of a catalvtically 
reduced oxytocic preparation was secured by peroxide oxidation. In 
those ca«es in which the treatment caused inactivation of the oxytocic 
hormone, Freudenberg claimed that the reaction proceded less rapidly 
than did the inactivation of insulin imder similar conditions. 

Certain aspects of the foregoing results require further examination. 
If we accept the view that a disulfide linkage is an integral and essential 
part of both hormone molecules, the inactivating effects of oxidizing 
agents such as H 2 O 2 and the halogens can be explained entirely on the 
basis of an oxidative destruction of the disulfide linkage. Oxidation of 
any other susceptible groups in the molecule can, of course, also occur. 
If we accept the view that reduction of the disulfide linkage to the sulf- 
hydryl form causes no change in activity, the inactivating effects of a 
number of the reducing agents previously discussed must be explained 
on some other basis. Reagents like cyanide or sulfite inactivate the 
hormone and are also capable of reducing disulfide linkages. Because 
it is believed that such a reduction alone does not cause inactivation, it 
must be concluded that the inactivation caused by these reagents is due 

b 1 du Vi^neand, V. OnM Sprin* Harbor S$ mposin on Quant. Biol. VI: 473. 1036. 
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to their simultaneous reduction of, or reaction with, additional groups 
in the hormone molecules- This explanation is all the more probable 
<ince it is obvious that the disulfide linkage cannot be the only group 
necessary for the activity of the hormone. S0 2 , HCN and HN0 2 , which 
exert no effect upon the disulfide linkage, can be considered to cause their 
inactivating effects by action upon these unknown groups. Though 
our knowledge concerning the amino acids probably present in the active 
principles and the behavior of the hormones to certain chemical treat¬ 
ments provide clues for future investigation, it is as yet much too inad¬ 
equate to enable us to decide which ones of the several possible groups 
are involved in these inactivation reactions. 

Electrophoresis Experiments 

Investigation of the electrophoretic behavior of the pressor and oxy¬ 
tocic principles has yielded some very useful information concerning the 
electrochemical nature of these hormones. It will be recalled that much 
of the early chemical work indicated that both principles were pre¬ 
dominantly basic in character. In fact Kamm and his associates 3 were 
led to conclude from their purification studies that both active principles 
“appear to be basic in character, v and accordingly named then* isolated 
products, alpha and beta hypophamine, to signify that they might be 
amines derived from the hypophysis. The electrodialysis studies of 
Freeman, Gulland and Randall, 65 and later those of Das, Ghosh and 
Guha 68 upon purified oxytocic preparations did little to change this view. 
These investigators found that although migration of the hormone 
toward the cathode was obtained readily under certain conditions, mi¬ 
gration toward the anode did not occur. It was concluded, therefore, 
that the oxytocic principle was either a base or was adsorbed on basic 
material. 

An observation made in the Cornell laboratory in the course of studies 
on the purification of the posterior lobe principles by electrophoresis 
strongly indicated that the hormones are not bases but amphoteric 
molecules. 5 It was observed during electrophoresis that neither prin¬ 
ciple was able to enter a compartment where the pH was maintained at 
12. Accordingly, in cooperation with Dr. Mildred Cohn, 11 a detailed 
study of the migration of the pressor principle over a wide pH range was 
carried out in an apparatus designed for this purpose and in the apparatus 
of Tiselius. The direction and extent of migration of pressor activity 
after suitable periods of electrophoresis was determined by assay and 
the net mobility was calculated. The results plotted in figure 2 show 

08 Freeman, SSL, Gulland, J. M. & Randall, S. S. Biochem. Jour. 29: 2211. 1935. 

r * Das, N., Ghosh, B. N. & Guha, B. C. Zeit. physiol. Chem. 23$: 131. 1936. 
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Figube 2. 


that the pressor principle is definitely amphoteric with an isoelectric 
point at about pH 10.S in buffers of 0.02 ionic strength. A preliminary 
investigation of highly purified oxytocic preparations indicates that this 
principle is also amphoteric and that it has an isoelectric point in the 
region of pH 8.5. 

It should be mentioned here that in our procedure for the purification 
of the pressor hormone (table 3), advantage was taken of its high iso¬ 
electric point to prevent destruction of activity by cathodic reduction 
during electrophoresis. The negative electrode was placed in a cell 
having a pH of 12. Since in migrating toward the cathode the ampho¬ 
teric principles were unable to enter a solution having a pH above their 
isoelectric points, electrode reactions were eliminated. 
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THE UNITARY HORMONE CONCEPT 
(ISOLATION OF AN ACTIVE PROTEIN FROM THE POSTERIOR LOBE) 

A? stated earlier, Abel and his group believed that the pharmaco¬ 
logical activities of the posterior lobe were due to a single, large ^mother- 
molecule/ 1 This view was maintained even after the experiments of 
Dudley and Kamm had shown that separate pressor and oxytocic prep¬ 
arations could be obtained from posterior lobe extracts by suitable frac¬ 
tionation procedures. Abel insisted that in such separations the treat¬ 
ments used were sufficiently drastic to cleave the ‘‘mother-molecule 11 
producing several small active fractions. The definition of the unitary 
theory on this basis placed its proponents in a very difficult position be¬ 
cause the proof of such an hypothesis rested upon the successful isolation 
of the supposed “mother-molecule/ 1 the demonstration that it pos^sed 
all of the pharmacological properties of the posterior lobe, and that it 
could be split by the suspected treatments to give separate pressor and 
oxytocic principles. Professor Abel was unable to isolate the hypo¬ 
thetical “mother-molecule” and based his convictions chiefly on his abil¬ 
ity to obtain purified preparations in which the ratio between the pre-<- 
<*oi\ oxytocic and melanosome-dispersing activities was the same a.^ 
that found in untreated gland extracts. But, when it became evident 
that melanosome-dispersing activity was not a property of the posterior 
lobe, the basis for Abel’s argument became less secure. Valid evidence 
was also advanced to show that many of Abel’s preparations were not 
the partially purified “mother-molecule” he suspected but mixtures of 
the separate principles since the activity ratio was occasionally not 
identical with that of untreated extracts. In some instances, however, 
the ratio between the various activities accidentally coincided with that 
found in the gland. Nevertheless, it was realized that Abel’s conten¬ 
tions regarding the possibility of a “mother-molecule” could by no means 
be disregarded. 

In 1931 MacArthurt 7 sketchily outlined a process for obtaining an 
active preparation from the posterior lobe which seemed to fit some of the 
requirements of the hypothetical “mother-molecule,” but too few de¬ 
tails were given to permit a definite conclusion. The work was never 
confirmed or extended. The preparation was obtained by acetone and 
ether precipitation from a 70 per cent methanol (containing 3 per cent 
acetic acid) extract of dessicated fresh glands. MacArthur’s product 
was a sparingly water soluble substance, possessing both pressor and 
oxytocic activity and having an isoelectric point at about pH 3.0. Ae- 

‘•MacArthur. C. G. Science 78: 448. 1931. 
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tivit \ wu- destroyed l>v acid hydrolysis and by trypsin. It was unstable 
in weak alkali and contained labile sulfur. 

At thi- -tage in the development of the posterior lobe problem new 
method* of approach were desired to throw additional light upon the 
unitary and multiple hormone theories. Electrophoresis seemed to pro¬ 
vide -uch a method.* The apparatus used consisted essentially of a 
series of beakers filled with water and joined by means of inverted U- 
-haped siphons. Electrodes were placed in the end cells and the pitui¬ 
tary material was di—olved in one of the cell*. After a suitable period 
of electrophoresis the contents of each cell were assayed for pressor and 
oxytocic activity. When slightly acid solutions of partially purified 
posterior lobe preparations containing both principles were subjected to 
electrophoresis in a 19 cell train, it was found that both principles mi¬ 
grated toward the cathode and that the rate of migration of pressor 
activity wa- approximately six times that of oxytocic activity. Since 
the two activities migrate 1 at different rates it wa* concluded that they 
were physiological manifestations of different chemical entities in the 
preparation** electrolyzed, a fact which was in agreement with the pre¬ 
ponderance of evidence then available. 

By mean** of the *ame technique it was possible to study also the 
electrophoretic behavior of the activities contained in the mechanically 
expressed juice of fre-h. untreated glands. 10 Posterior lobes were re¬ 
moved fiom steer** within a few minutes after the animals were killed and 
were immediately frozen in a tube immersed in dry ice. The glands 
were thawed, ground with *and and a little water, and the juice was 
separated by application of high pressure. The juice ^pH 6.0, 560 pressor 
and 420 oxytocic unit- was placed in the center cell of a 5-cell setup and 
electlophoresi- wa- carried out for 17 hours. The time elapsing from 
the removal of the gland** to the end of the electrophoresis w*a* 23 hours, 
during which time the temperature of the glands and juice was never 
above 10 3 C. The results which are given in table 7 show’ that pressor 
activity traveled at a faster rate than oxytocic activity, demonstrating 
that these activities in the simple pres*- juice are attributable to different 
chemical entities. 

We believe that this conclusion wa- justified since the material studied 
was subjected to no chemical treatment* and since the possibility of pref¬ 
erential de-tiuctiuu of one activity w*as eliminated by quantitative 
recuveiy of ln»th activities. It was realized, however, that these result** 
could not Ik? taken to indicate that the same situation necessarily existed 
in the gland itself. The elimination of such a possibility w r as beyond 
the scope of this approach. 
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Table 7 

1)1*51RIBL TIOX OF ACTIMTY AFTER ELECTROPHORESIS OF POSTERIOR 

Lobe Press Juice 


Cell 

number 

Pressor 

units 

Oxytocic 

units 

pH at end of 
experiment 

1 (cathode) 

27 

3 

10.2 

2 

432 

240 

6.2 

3 (starting) 

90 

170 

4.0 

4 

3 

9 

3.0 

5 (anode') 

0 

0 

2.3 


558 

422 



It is only quite recently that evidence favorable to the unitary hy¬ 
pothesis has been advanced. In 1940 Rosenfeld 16 compared the behavior 
in the ultracentiifuge of purified pressor and oxytocic preparations with 
that of untreated press juice from posterior lobes. The purified pressor 
and oxytocic preparations showed very little tendency to sediment even 
after almost 6 hours at 61,000 r.p.m. Rosenfeld concluded that the two 
activities present in such preparations could therefore be attributed to 
small molecules which might well be of the order of 600 molecular weight, 
the value estimated by Kamrn. 40 On the other hand, both activities 
sedimented rapidly and at approximately the same rates when press 
juice was centrifuged. It was concluded that the two activities pret-ent 
in the press juice resided either in a single large molecule (.the unitary 
principle of Abel), or in two separate large molecules having about the 
^ame sedimentation rates. The molecular size of the native posterior 
lobe hormone was provisionally placed at 20,000 to 30,000. To indicate 
the effects of acid treatment at elevated temperature on the lability of 
the hormone molecule, a sample of the press juice was mixed with an 
equal volume of 0.5 per cent acetic acid, brought quickly to boiling, 
cooled and filtered. LTtracentrifugation of the filtrate showed the 
presence of both slowly and rapidly sedimenting active particles. Ro¬ 
senfeld concluded from this result that a portion of the native hormone 
had been split by the treatment into small, active fragments. 

In the foregoing experiment, as in many experiments where claims for 
the demonstration of a large active molecule have been made, the 
possibility of adsorption of smaller, extremely active substances upon 
a biologically inert substance cannot be ignored. In Rosenfeld’s work 
the possibility that adsorption could account for his results with press 
juice has not been entirely eliminated. In this respect experiments in 
which known amounts of activity in the form of low molecular weight 
preparations are added to the press juice before centrifuging would be 
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Table 8 

P-lRIrK \riON" PROCEDURE OF VAX DYKE AND HIS COLLABORATORS^ 


Potency, units Total 

Faction Weight Procedure per mg. activity 

Pres- Oxy- Pres- Oxv- 
sor tocic sor tocic 


A 


h 


( 


u 


L 


1 kg. Fresh posterior lobes 0.2 0.2 

Ground and suspended 
in 0.01 x H«S(X, pH 4.25 

Per 

cent 

100 

Per 

cent 

100 

— Supernatant from centri¬ 
fuging — — 

pH adjusted to 3.9; 80 
gm. XaCi added per liter. 

75-80 

75-80 

— Precipitate — — 

Dialized Cl” free; 10 gm. 

XaCi added per liter; 
pH 3.5 

50 

50 

V 

— Supernatant from 

centrifuging — — 

Equal vol. u 1 acetate 
buffer, pH 3.9 added; 20 
gm. XaCi added per liter 

— 

— 

— Supernatant from centri¬ 
fuging and washing. — — 

40 gm. XaCi added per 
liter. 

- 

— 


1 — Precipitate — — — — 

Dissolved in minimum 
volume of water; equal 
vol. m 1 acetate buffer 
added; 6.5 gm. XaCi 
added per 100 ec. 

G — Precipitate — — — — 

Previous step repeated 
until dissolved X is con¬ 
stant (0.100 mg. per cc. 
at 2o°C,. 

H 700 mg. Precipitate ~ 17 17 6 6 

i Active 
Protein' 


of value. If the native protein present in the press juice exerts, uo ad¬ 
sorptive action, this? added activity should fail to sediment appreciably. 
Rosenfeid's experiments do not take into account the possibility that the 
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Table 9 


Properties of the Posterior Lobe Proirix 


Activity, units per mg. 

Pressor 

Oxytocic 

Antidiuretic 

16.6 

16.6 

16.4 

Elementary analysis, per cent 


Carbon 

48.64 

Hydrogen 

6.63 

Xitrogen 

16.32 

Amino nitrogen 

0.054 

Phosphorus 

0.027 

Sulfur 

4.89 

Chlorine 

0.02 

Ash 

0.58 

Oxygen (by difference) 

22.89 

Sulfur distribution 


Cysteine 

0 

Cystine 

4.3 

Methionine 

9 

Sulfate 

0.1-0.4 

Molecular weight (ultracentrifuge) 

30,000 

Isoelectric point (electrophoresis) 

4.8 


brief heat treatment of the press juice might alter the adsorptive proper¬ 
ties of the native protein through partial denaturation, thereby liberating 
a portion of the adsorbed activity. 

The current work of van Dyke and his associates places the concept 
of a unitaiy hormone in the forefront of present biochemical research on 
the pituitary problem. Since the evidence obtained by these investi¬ 
gators is of great significance in our evaluation of the multiple and unitaiy 
hormone theories, a detailed description of their results is in order. 68 

The purification procedure used by van Dyke and his collaborators 
is presented schematically in table 8. From 1 kg. of posterior lobes 
700 mg. of the purified product are obtained; the product is an amorphous 
protein. It has a pressor, oxytocic and antidiuretic activity of 17 units 
per mg. and contains, therefore, about 6 per cent of the activity present 
in the original material. It is practically devoid of melanosome-dis- 
persing activity. 

The composition and properties of the isolated protein are tabulated 
in table 9. The molecular weight, calculated from the amino nitrogen 
value, assuming one amino group per molecule, is 26,000. This agrees 
fairly well with the figure calculated from ultracentrifuge data. The 

cv Van Dyke, H. B., Chow, B. 7,, Greep, E. O., & Bothen, A. Jour. Pharmacol 74:190. 1042. 
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<*ystint* ^ulfur value is very high and corresponds to a content of about 
10 per cent cystine or 20 cystine molecules in a protein of 30,000 molec¬ 
ular weight. 

The active protein is only 25 per cent inactivated by the action of 
crystalline pepsin at pH 3 and 37° C. for 6 days. Under these conditions 
30 per cent of the protein is digested as calculated from the amino ni¬ 
trogen increase. In similar experiments with trypsin and chymotrypsin 
pH 7.6 for 43 hours i the activity is almost completely destroyed. With 
trypsin 70 per cent of the protein is digested; with chymotrypsin, 95 per 
cent is digested. Only oxytocic activity was tested in these experiments. 

The assay of the protein by various procedures is given in table 10. 


Table 10 

Ai»AY of the Protein from the Posterior Lobe 


Average activity.* 

Method of assay Units per mg. Standard 

protein error* 


Isolated guinea pig uterus 17.5 

Blood pressure of fowl 15.7 

Blood pressure of cat 15.7 

Blood pressure of dog 17.5 

Diuresis inhibition in rat 16.4 

Melanosome dispersion in frog 0.00S 


0.9 

0.6 

06 


♦Van Dyke and coworkers express their potencies in micrograms of nitrogen equivalent to 1 T.S.P. 
unit. To simplify comparison with previous work, these figures have been recalculated on the basis of 
units per mg. of protein. 


It will be noted that the various activities are present in equal amounts 
in the purified product, a condition which is one of the requirements of 
the unitary hormone. Consequently, the isolated protein was carefully 
examined to determine its homogeneity and to demonstrate as con¬ 
vincingly as possible whether or not the pressor, oxytocic and antidiuretic 
activities are integral parts of the protein molecule, since it was realized 
by van Dyke and his associates that the purity and inherent activity of 
the isolated protein must be established beyond all doubt if it is to be 
considered the “mother-molecule” and probable precursor of the separate 
posterior lobe hormones. 

The group of workers at the Squibb Institute has gone to great lengths 
to provide the required proof. Their results appear to indicate that: 
' 1 \ The protein possesses a constant ratio of pressor, oxytocic and anti¬ 
diuretic activities (.1:1:1). (2) The ratio of activities in the protein is 
identical to that existing in the untreated gland. (3) Tine protein ex¬ 
hibit* a solubility curve typical of a pure substance. (4) The protein 
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sediments in the ultracentrifuge as a pure protein. 1 5) Assay of various 
fractions from solubility, electrophoresis and ultracentrifuge tests gives 
no indication of the presence of components of greater or lesser potency 
than the protein itself. Though van Dyke and his associates believe 
that the results of these experiments are strongly in favor of the homo¬ 
geneity of the product and the presence of the activities as integral parts 
of the protein, they nevertheless suggest that the results obtained so far 
are open to two interpretations: (1) The protein, although pure to the 
extent that present physicochemical methods permit such a conclusion, 
is pharmacologically active because of the adsorption of the highly active 
separate principles. (2) The protein, in part composed of active prin¬ 
ciples which can be separated from it, is elaborated and stored by the 
pars neuralis . 

It is apparent that the first of the above alternatives must be ruled 
out completely before the second explanation can be accepted. Con¬ 
sequently, it may be profitable to ascertain what has been established 
by the researches of van Dyke and coworkers and to suggest any ad¬ 
ditional experiments which might aid in the eventual solution of this 
problem. 


Solubility Data 

Constant solubility (0.1 mg. nitrogen per ml.) is obtained with the 
protein in a solvent consisting of 0.5 m acetate buffer, pH 3.90, to which 
6.5 gm. of NaCl are added for each 100 cc. In the same solvent con¬ 
stant solubility as low as 0.08 mg. nitrogen per ml. was also found with 
some batches of the isolated protein. Xo evidence for the presence of 
more than one component could be found in the solubility curve either 
before saturation with the active product or after 20 times the saturating 
concentration was in suspension. Over the range of the entire solubility 
curve the dissolved pressor and oxytocic activities were found to be equal 
and constant. The pressor and oxytocic potency of a sample of the 
pure protein was found to be unchanged after it w*as washed three 
times with the solvent used in the solubility tests, even though 54 per 
cent of the total activity w T as removed in the process. Furthermore, 
the supernatant fluid from a suspension of the protein in the same 
solvent, under conditions in which the solid phase was present far in 
excess of the saturation concentrations, showed the same pressor and 
oxytocic potency as the protein itself. 

Solubility tests have been made only in a solvent of pH 3.90. As this 
solvent is identical in pH and composition with that used in attaining 
constant solubility in the final steps of the isolation procedure (see table 
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8;, the subsequent deteiruination of solubility under the same conditions 
would be expected to furnish no additional information regarding purity. 
In fact, use of the same solvent in the isolation and in the purity tests 
would maintain any conditions responsible for the possible association 
of adsoibent and adsorbate if such should be the case. In this con¬ 
nection it may be significant that electrical inhomogeneity was found in 
electrophoresis experiments in which the pH of the medium was varied 
between 3.4 and 6.1, whereas no evidence of inhomogeneity was observed 
in solubility and ultracentrifuge expeiiments when the pH was allowed 
to vary only from pH 3.3 to 3.9. When sufficient amounts of the pro¬ 
tein are available to permit such expeiiments, solubility curves, together 
with assays for each of the activities at different points in the solubility 
curve should obviously be carried out at several pH values, and, if pos¬ 
sible, in solvents of different composition. If conditions could be found 
in which the active material is dissociated from the protein, it should be 
possible to isolate the inactive protein. Suitable amounts of the sepa¬ 
rated principles could then be added to the inactive protein and experi¬ 
ments could be carried out to determine whether or not a product of 
constant solubility and activity is again obtained under the conditions 
used in the original isolation procedure. These data should provide 
information as to whether the protein is a pure, active substance which 
is fragmented by the treatments employed, or a protein whose activity 
is simply adsorbed or eluted depending upon the conditions of the solvent. 
If dissociation of the protein and activity cannot be accomplished under 
any of the conditions employed, it would be desirable to study the solu¬ 
bility curve and activity at different points on the curve, after adding 
known amounts^ of the separated active principles to the active protein. 
If activity i& actually adsorbed then it might be possible, for instance, 
to isolate a product having a pressor: oxytocic ratio greater than unity 
by precipitating the protein in a solution which has been enriched with 
respect to the pressor principle through the addition of known amounts 
of a purified pressor preparation. 

Ultracentrifuge Data 

In the ultracentrifuge, in the pH range 3.30 to 3.84, the isolated pro¬ 
duct appears to be a single, homogeneous protein with a sedimentation 
constant of 2.61 to 2.S0 S*. From this figure, and an assumed specific 
volume of 0.749, a molecular weight of approximately 30,000 is calcu¬ 
lated. Homogeneity was shown by the symmetry of the sedimentation 
curves and by the absence of significant displacement of the base line. 


* All sedimentation constants are expressed in 3%edberg units, denoted S, and equal to 10" 13 sec. 
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The distribution of activity between the sedimented protein fraction 
and the supernatant fluid was determined after ultracentrifuging. Al- 
mo-+ 100 per cent of the pressor and oxytocic activity was found to sedi¬ 
ment with the protein. The authors concluded from these data that 
both pressor and oxytocic activities were associated with the protein and 
that there is no evidence favoring the presence of additional small, non¬ 
protein components with high biological activity. 

For the reasons presented in the discussion of the solubility data, 
ultracentrifuge experiments with the active protein should be tried at 
widely different pH values. Similarly, the behavior of the active pro¬ 
tein in the presence of known amounts of the separate principles should 
iiho be investigated in the ultracentrifuge under the conditions reported 
for the protein alone. In the latter experiments it should be possible to 
demonstrate whether or not the added, low molecular weight principles 
sediment with the protein under these conditions. 

Electrophoresis Data 

The isoelectric point of the protein w T as estimated to be pH 4.8 by 
determining the electrophoretic mobility over a pH range from 3.4 to 
6.2. At pH 3.41 to 3.47 the electrophoretic patterns showed the presence 
of one main component, but a second component, present in very small 
amount, also appeared. At all other pH values studied, electrical in¬ 
homogeneity w T as found but no second component could be discerned. 

After electrophoresis of solutions of the protein at pH 3.4 to 3.5 the 
potencies of the different fractions (main component, u portein-free so¬ 
lution,’' and the minor component) w v ere indistinguishable on the basis 
of nitrogen. Accordingly, it w T as suggested that the minor component 
either derived from or was closely related to the main protein component. 

Interpretation of these results is difficult. Electrophoretic patterns 
obtained with the isolated protein give definite evidence of inhomo- 
geneity. yet assays performed upon various fractions of the electro- 
phore-i* cell apparently fail to reveal the presence of substance* of greater 
or lesser potency than the protein. Inasmuch as electrical inliomo- 
geneity exists it is rather surprising that all of the components of the 
mixture po*se^ the same pharmacological potency. Experiments should 
be devised in w r hich separation of the components is accomplished under 
com lit ions such that sufficient active material is present in each of the 
fractions to afford complete and accurate assays for all of the activities. 
In this connection it will be recalled that previous electrophoresis ex¬ 
periments on untreated posterior lobe press juice, 10 performed under 
conditions which differed from those of van Dyke and his associates. 
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^a\v evidence in favor of the presence of separate pressor and oxytocic 
hormone*. In the electrophoresis of the active protein, therefore, there 
I«5 a possibility that the electrical inhomogeneity observed at certain pH 
value* may be an indication of the separation of protein and adsorbed 
active principle*. 

The recovery of all activities should be investigated in electrophoresis 
experiments to show that preferential destruction of certain activities 
lias not occurred, and to show that appreciable amounts of any rapidly 
moving pressor and oxytocic hormones present have not migrated beyond 
the limits of the electrophoresis cell. Experiments in which alternating 
current of the -ame potential used in the electrophoresis is employed 
might be u*ed to a*certain the effect of the current alone upon the active 
protein. The homogeneity of material treated in this manner could then 
be studied by means of solubility and ultracentrifuge tests. 

Since from the standpoint of the unitary hypothesis so much depends 
upon the constancy of the ratio between the activities, it must be em¬ 
phasized that a**ays for all of the activities should be carried out upon 
the various fraction* obtained during solubility, electrophoresis and 
ultracentrifuge experiments, and in any other experiments in which the 
*eparation of activities is a possibility. 

Action of Cysteine Upon the Active Protein 

A significant difference between the separate pressor and oxytocic 
principles and the active protein is found in the behavior of these sub¬ 
stances toward the reducing action of cysteine and thioglycollic acid. 
Sealock and du Yigneaud 61 found that cysteine reduction of the pressor 
and oxytocic hormone* caused no loss of pharmacological activity. On 
the other hand, van Dyke and coworkers find that treatment of the 
protein with thioglycollic acid at pH 7.5 completely destroys both pressor 
and oxytocic activity in 2 to 5 minutes. With cysteine instead of thi¬ 
oglycollic acid, activity is destroyed but at a slightly slower rate. A 
44 per cent loss of activity was found after 2 minutes and after 5 minutes 
approximately SO per cent loss occurred. 

The observations that cysteine and thioglycollic acid destroy the 
activity of the protein but cj’steine causes no inactivation of the separate 
principles, may seem to indicate rather strongly that the active protein 
is not merely an inactive substance with adsorbed active principles. The 
importance of these results warrants careful repetition under rigorously 
controlled conditions. It would be desirable to know whether the re¬ 
sults of Sealock and du Yigneaud can be confirmed when the separate 
principles are subjected to evsteine reduction under the conditions used 
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liy van Dyke and associates. If confirmation of the results with the 
■separate principles is secured, while treatment of the active protein under 
exactly the same conditions still causes inactivation, it will be necessary 
to repeat the procedure on a mixture of the protein and the separate 
principles to determine whether the presence of protein during the re¬ 
duction may be responsible for the difference between the behavior of 
the two preparations. It should be pointed out that the results as 
reported by Sealock and du Vigneaud and by van Dyke and associates 
are not necessarily incompatible. Reduction of the purified individual 
principles may be quite different from the reduction of the protein com¬ 
plex reported by van Dyke and his collaborators. 

SUMMARY 

The present status of the posterior pituitary hormone problem may 
be briefly summarized as follows. Separate pressor and oxytocic hor¬ 
mones can be isolated from the posterior pituitary lobe. These hormones 
have not yet been obtained in the pure state but all evidence points to 
the fact that the highly potent pressor and oxytocic preparations now 
available represent fairly pure preparations of separate molecules which 
may be similar chemically. 

A protein which possesses pressor, oxytocic and antiduiretic activity 
has also been isolated from the posterior lobe. Moreover, evidence has 
been presented which indicates that this protein is pure and that the 
various activities are inherent properties of the molecule. Although 
this evidence is in favor of the tentative conclusions reached, it is believed 
that the question should be investigated further before the protein can 
be accepted unqualifiedly as a hormone of the posterior lobe possessing 
multiple activities. 
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Xew Brunswick, X. J. 


INTRODUCTION 

Significant progress has been made in the chemical characterization 
of three anterior pituitary hormones which contribute to the regulation 
of the gonads. They are: metakentrin, 1-4 a hormone which stimulates 
the interstitial cells of the ovaries or testes and causes the formation of 
corpora lutea from preformed graafian follicles; thylakentrin, 5-7 a game- 
togenic hormone which causes the growth of graafian follicles prepara¬ 
tory to the release of ova from the female gonad and stimulates the 
sperm-forming tissue of the testes; and lactogenic hormone, 8 * 9 recently 
shown to have an important role in bringing about corpus luteum func¬ 
tion 10-12 in hypophysectomized rats. Other gonadotrophic principles 
such as the antagonist 13 and synergist 14 have been postulated. The 
present data 15 ' 18 favor the view, however, that synergism (or augmen¬ 
tation) is due to the combined action of thylakentrin and metakentrin 
on the ovary and that the antagonist 19-21 is identical with metakentrin. 
Since the chemistry of metakentrin (ICSH, LH), and lactogenic hor¬ 
mone, will be presented in other communications, these hormones will 

1 Fevold, H. L. f Lee, M. f HisaW, F. L. & Cohn, E. J. Endocrinology 26: 999. 1940. 

2 Li, C. H., Simpson, M. & Evans, H. M. Endocrinology 27: 803. 1940. 

3 Shedlovsky, T., Eothen, A., Greep, R. O., van Dyke, H. B., & Chow, B. F. Science 22: 
178. 1940. 

4 Colton, H. C. St van Dyke, H. B. Science 93: 61. 1941. 

5 Fraenkel-Conrat, H., Simpson, M. E. & Evans, H. M. Annales de la Facultad de Medicine, 
Montevideo. 2QLV. 1940. 

6 Greep, R. 0.,van Dyke, H. B., & Chow, B. F. Jour. Biol. Chem. 138: 389. 1940. 

7 McCullagh, D. R. it Bowman, W. E. Endocrinology 27: 525. 1940. 

5 White, A., Catchpole, H. R. & Long, C. N. H. Science 36: 82. 1937. 

9 Li, C. 8., Lyons, W. R. & Evans, H. M. Jour. Gen. Physiol. 24: 303. 1941. 

10 Evans, 8. M., Simpson, M. E. & Turpeinen, S. Anat. Rec. Suppl. S. 70: 26. 1938. 

11 Evans, 8. M., Simpson, M. E., Lyons, W. R. it Turpeinen, K. Endocrinology 28: 933. 
1941. 

J Evans, B. M., Simpson, M. E. it Lyons, W. B. Proc. Soc. Exper. Biol, and Med. 46: 588. 

is Evans, 8. M., Eorpi, K., Penchars, R. F. & Simpson, M. E. Cniv. of Calif. Publ. in Anat¬ 
omy 1: 237. 1936. 

14 Evans, 8. M., Penchans, R. F. & Simpson, M. E. Endocrinology' 18: 601. 1934. 

i * Fevold, 8. L. it Bisaw, F. L. Am. Jour. Physiol. 109: 655. 1934. 

*• Jensen, B., Simpson, M. E., Tolksdorf, 5. it Evans, 8. M. Endocrinology 28: 67. 1939. 

17 Fraenkel-Conrat, 8., Id, C. 8., Simpson, M. E. 6 Evans, 8. M. Endocrinology' 27: 798. 

1 “ Greep, R. O., van Dyke, 8. B., & Chow, B. F. Am. Jour. Physiol. 138 : 303. 1941. 

19 FevoW, B. L. it Fiske, V. M. Endocrinology 24: 823. 1939. „ , . t 

so Jensen, 8., Simpson, M. E., Tolksdorf, S. & Evans, B. M. Endocrinology 25: 57. 1939. 

21 Greep, R. O., ?an Dyice, H. h., it Chow, B. F. Am. Jour. Physiol. 13S: 303. 1941. 
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not V considered in thi^ icport. The present discussion will therefore* 
^ limited chiefly to the follicle-simulating hormone, thylakentrin. 


METHODS OF ASSAY 


Ovaries. Thylakentrin induces the growth of a large number of 
graafian follicles resulting in gro>s enlargement of the ovaries. Th^ 
effect, usually measured by changes in weight, le&s commonly by histo¬ 
logical means, has formed the principal basis of assay. Xo other single 
gonadotrophic agent is known to increase significantly the weight of the 
ovary. 

In order to avoid the complication caused by the secretion of hormone 
by the test animaK own pituitaiies, it is necessary to use animals in 
which thi* gland has been surgically removed (hypophysectomy). Re¬ 
cent work*' 21 dictate^ that not only the ovaries of such animals treated 
with thylakentrin must diow* the absence of corpora lutea to indicate a 
purely follicle-stimulating effect, but also that the interstitial tissue must 
be diown to be in an atrophic condition. 

Uterus. Estrogenic development of the female reproductive tract 
it* a constant feature of the sexual precocity induced in immature animals 
by certain gonad-stimulating preparations. Some workers 22 have util¬ 
ized the increase in the weight of the uterus as an indirect method of 
measuring ovarian stimulation presumed to be follicle-stimulating in 
effect. While this method will undoubtedly yield quantitative data, 
the bade a^umption that the response is a measure of any specific gonad¬ 
otrophic effect can be seriously questioned. The mechanism of estro¬ 
gen secretion by the ovary is itself an unsolved problem. As w f e shall 
<*ee later, thylakentrin alone appears not to be able to cause estrogen 
secretion; therefore, follicle growth can be obtained independent of any 
uterine growth. 

Vagina. Some authors Ju have recommended the production of va¬ 
ginal oestrus as a basis for the assay of thylakentrin. The objections 
mentioned in the discussion of assay by determining the extent of uterine 
hypertrophy apply with equal force to vaginal changes which also appear 
not to afford a reliable method of assay. 

Ovulation in the Rabbit. This method of assay is not specific but 
might have quantitative value provided that biological purity had been 
demonstrated. 

Testes. The gonads of hypophysectomized male rats show an in¬ 
crease in weight due solely to stimulation of the sperm-forming tissue. 


3 J T. & Tyndale, H. H. Endocrmologj SI: 619. 

- 3 Witschi, B. Endocnaologj 27: *37. 1940. 
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This reaction is not accompanied by any testicular secretion of andro¬ 
gens; hence the secondary sexual organs such as the prostate and sem¬ 
inal vesicles are not benefited. The weight of the testes bears a quan¬ 
titative relationship to the dose of thylakentrin administered within a 
restricted range. This method 24 can be used only when metakentrin, 
which also causes an increase in the weight of the testes (presumably by 
a secondary reaction to the androgen produced), is absent. 

SOURCES 

The gonadotrophic hormone, thylakentrin, may be obtained from 
pituitary glands or from the urine of normal, menopausal or gonadecto- 
mized human beings. This hormone in the urine can be concentrated 
by precipitation with tannic acid, 25 ' 26 alcohol 27 or by other means without 
much loss of activity. By further fractionation of the hormone “tan- 
nate,” a preparation effective in producing follicle stimulation, but 
essentially devoid of luteinizing ability, can be obtained. So far little 
chemical data have been accumulated on the follicle-stimulating hormone 
from urine. 

Preparation of the Thylakentrin from Pituitary Glands 

Both human and horse pituitary glands are relatively rich in thyla¬ 
kentrin but poor in metakentrin. It would appear that from such raw 
material, potent thylakentrin fractions free from metakentrin are likely 
to be obtained. But the practical difficulty of securing adequate sup¬ 
plies of human or equine glands has usually forced investigators to turn 
to the less suitable but more plentiful sheep and hog glands. 

Ever since Fevold, Hisaw, and Leonard 28 asserted that the}" were able 
to separate the luteinizing from the follicle-stimulating hormone by 
chemical fractionation, many investigators have attempted to reach the 
same goal by improved methods. As a whole, the earlier workers used 
acetone-dried pituitary powder as the starting material. As knowledge 
of the chemistry of proteins became more general, however, fresh pitui¬ 
tary glands instead of dried powders were preferred, for acetone is known 
to denature and alter proteins. 

Common procedures used to effect the separation of the two gonado¬ 
trophic hormones by different workers may be summarized as follows: 

1. Evans 29 and his collaborators utilized the greater solubility of 

31 Greep, R. O., van Dyke, H. B. & Chow, B. F. Anat. Rec. 78: 88. 1940. 

33 Hellbaum, A. A., Fevold, H. L. & Hisaw, F. L. Proc. Soc. Exp. Med. 82:1866. 1984-85. 

26 Levin, L„ Endocnnolo^ 28: 378. 1941. 

27 McCullaffh, D. R. & Bowman, W. E. Endocrinologj 27: 525. 1940. 

2S Fevold, H. L., Hisaw, F. L., & Leonard, S. L. Am. Jour. Ph$siol. 97: 291. 1981.. 

so Evans, H. M., Korpi, K., Penchars, R. F. & Simpson, M. E. t mv. of Calif. PubL m Anat¬ 
omy 1: 237. 1986. 
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thylakentrin in ammonium sulfate solution. In his recent paper with 
Fraenkel-Conrat/ 0 an improved scheme has been published. Other 
investigators' 2 aKo utilized the .^ame technique to effect a separation. 

2. A method of Fevold, like that of Evans, depended on the greater 
■solubility of rhylakentrin in a certain concentration of ammonium sulfate 
or acetone. He made Uf-e of hi* discovery that metakentrin show> a 
minimum solubility at pH 4.2. 

3. Wallen-Lawrence 33 separated metakentrin from thylakentrin by 
precipitation with alcohol at —6° C. The precipitate at 40 per cent al¬ 
cohol was predominantly luteinizing, while that at 55 per cent alcohol 
wa** follicle-stimulating. 

4. In our laboratory/ we found that hog metakentrin is extremely 
insoluble in a solvent consisting of m 4 acetate buffer at pH 4.4 and 20.5 
per rent Xa 2 S( >*, whereas thylakentrin is very soluble in such a solvent. 

BIOLOGICAL ACTIVITY OF FOLLICLE-STIMULATING 

EXTRACTS 

It L impossible to compare quantitatively the biological potency of 
the products Isolated in the different laboratories because of differences 
in assay technique. Furthermore, a comparison of potency is no indica¬ 
tion of relative chemical purity because the extracts have often been 
made from glands of different species of animals. But a qualitative 
difference need* emphasis: the injection, in relatively large doses, of 
thylakentrin preparation* made by workers of other laboratories causes 
uterine hypertrophy, whereas our purified preparations fail to show any 
Mich stimulation. This can be seen from table 1. Although as little 
as 3 micrograms solid of the Fraenkel-Conrat preparation gave follicular 
stimulation but no e*trous uteri, estrus was definitely produced in 50 
per cent of the rat^ if the dose was increased to IS micrograms of solid. 
Similarly, FevoldV preparation of thylakentrin increased uterine weight. 
Creep, van Dyke and Chow sl prepared ext met s of thylakentrin from hog 
pituitary glands Although 62.5 micrograms of their extract stimulated 
the growth of follicles in hvpophysectomized rats, ten times such a dose 
did not cause estrogen secretion. To test more rigidly the question 
whether thylakentrin, when essentially free from metakentrin, causes 
e*trogen secretion, these authors injected 1562 micrograms of thylaken¬ 
trin into hvpophysectomized rats over a period of ten days. None of the 
treated rats was in estrus. 

Fraenkel-Conrat, H., Simpson, M. E. Sc Evans, H. M. Axmales de la Facutad da Medicina, 
Montevideo. XXV: 1940. 

'i EinderknpcWi,H. & WUUams, P. C. Jour. Endocrinology 1:117. 1939. 

12 Jensen, H., ToUcsdorf, 8., A Bamrnan, F. Jour. Biol. them. 186: 791. 1940. 

’ 1 Wallen-Lawrence, 2. Jour. Pharmacology &, Exp. Therap. 51: 263. 1984. 

*« Oreep, B. O., van Dyke, H. B. A Chow, B. F. Jour. Biol. Chem. 138:289. 1940. 
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Table 1 

The Uterine Response of Hypophysectomized R vrb Receiving Purified 
Thylaxentrin (FSH) Prepared from Different Laboratories. 


Ovaries 


Method of preparation 

Dose in 

Num¬ 

Weight 

His¬ 


mierograms 

ber of 

in 

tol¬ 

Uterus 


solid 

rats 

mg. 

ogy 


Fraenkel-Conrat, Simpson & 






Evans* 4 

0 

100 

11 

O 

o- 


3 (1 unit; 

9 

14 

F 

0* 


15 

8 

30 

F 

1* 


18 

S 

39 

F 

4* 

Fevold 1 * 

0 

— 

6 

— 

— 


20 

— 

10 

— 

0* 


40 

— 

16 

— 

0t 


80 

— 

24 

— 

50%t 


200 

500 

— 

31 

35 

— 

70%+ 

170%+ 

Greep, van Dyke & Chow 0 

0 

28 

8.63 

O 

0* 

62.5 

4 

12.47 

F 

0* 


625.0 

5 

16.28 

F 

0* 


1562.0 (10 days) 

6 

15.1 

F 

0* 


0 (10 days; 

6 

5.7 

O 

0* 


* Number of rata with estrous uteri. # 
t Percentage increase in average uterin< 

»Fraenkel-Conrat, H. L., Simpson, 

627. 1940. 

b Fevold, H. L. Endocrinology 28: SS. 1941. 

e Greep, R. O., van Dyke, H. B. & Chow, B. F. Endocrinology 30: 635. 1942. 


i weight. 

M. 2. & Evans, 


, M. Proc. hoc. Exp. Biol. & Med. 45: 


Although Fraenkel-Conrat and Fevold prepared pituitary extracts 
from sheep glands, and Greep, van Dyke and Chow obtained theirs from 
hog glands, it seems probable that the question of estrogen secretion of 
rats receiving thylakentrin extract is more dependent on the degree of 
contamination by metakentrin than on a difference in the animal source 
of the extract. The maximum amount of metakentrin present in our 
thylakentrin preparation as contaminant was determined in two ways: 

1. The Prostate Method. Greep, van Dyke, and Chow 35 found 
that as little as 2 mierograms of pure metakentrin nitrogen isolated from 
hog pituitary glands can bring about a significant increase in the weight 
of the anterior prostate of hypophysectomized rats. The weight of the 
anterior prostate was not significantly increased by 360 micrograms of 
nitrogen of our best preparation of thylakentrin. It might be added also 
that as little as 2 to 5 micrograms nitrogen of our thylakentrin prepara¬ 
tion could bring about a significant increase in the testicular weight. 
Since the metakentrin nitrogen in the total of 360 mierograms must be 


** r * Qreep, R. O., van Dyke, H. B., & Chow, B. F. Proc, Soc. Exp. Biol, and Med. 46: 644. 1941. 
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than 2 micrograms. the contaminating honnone must be less than 
0.5 per cent. 

2. The Immunological Method. When rabbits were immunized 
against pure hog metakentrin, antibodies 36 may be detected in the sera 
of the immunized animals by the precipitin reaction. Such antisera 
will react with as little as one microgram of hog metakentrin protein, but 
will not react with metakentrin from other species of animals or with 
other pituitary hormones from hog glands. Once the immunological 
specificity of the anti-hog-metakentrin sera is established it is possible 
to detect the amount of metakentrin present in various fractions. It 
was found that 2500 micrograms of our hog thylakentrin extract failed 
to react with anti-metakentrin rabbit sera. Thus the thylakentrin ex¬ 
tract contained less than 0.04 per cent of metakentrin. Tests for other 
pituitary hormones such as the lactogenic, thyrotrophic, chromato- 
phorotropic, posterior lobe, and adrenotrophic hormones gave uniformly 
negative results. Therefore, our preparation of thylakentrin may be 
considered biologically pure in the sense that no other hormones have 
}>een found by biological assay to be present in the thylakentrin extract. 


PHYSICO-CHEMICAL PROPERTIES 
Effect of Enzymes 


The action of proteolytic enzymes on pituitary gonadotrophic hor¬ 
mones has been studied by several groups of investigators. Tryptic 
digestion of pituitary extracts has yielded divergent results. 

Chen and van Dyke 37 found that tryptic digestion abolishes most of 
the luteinizing action of extracts of sheep or horse pituitary, but leaves 
the follicle-stimulating factor unimpaired. Large doses of the digested 
extracts were followed by the formation of lutein tissue in the ovaries of 
hypophvsectomized immature rats. Similar results were independently 
reported by McShan and Meyer 3 '. Both groups of authors used normal 
as well as hypophysectomized rats and studied the microscopic appear¬ 
ance of the ovaries. The destructive effects of crystalline trypsin on 
thylakentrin w T ere not recognized by McShan and Meyer. In neither 
>et of observations w’as the extent of digestion determined. The differ¬ 
ential lability of thylakentrin and metakentrin to tryptic action was not 
confirmed by Abramowitz and Hisaw 89 . They found that crystalline 
trypsin destroys both gonadotrophic hormones at about the same rate. 
Their conclusions were based on the changes in weight of the ovaries or 


8 <> Chow, B. V. Endocrinology 30; 057. 194*. 

i I £}*?£» G -» * Van Dyke, H. B. Proc. Soc. Exp. Biol. A Med. 40: 17*. 1939. 

J McShan ,W. H. & Meyer, &. X. Jour. Biol. Chem. 136: 861. 1038. 

* * Ahnunowitx, A. A. A oisaw, F. L. Endocrinology 35: 638. 1939. 
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-eminal vesicles of normal rats. Lacking histological studies and deter¬ 
minations of extent of digestion, their data do not appear to justify 
the belief that neither crystalline trypsin nor chymotrypsin destroys 
luteinizing hormone more rapidly than follicle-stimulating hormone. 

Chow, Greep and van Dyke 40 carefully re-examined the effects of di¬ 
gestion by proteolytic enzymes (including crude and crystalline trypsin, 
on the gonadotrophic activities of anterior pituitary by comparing the 
actions of digested and incubated control extracts in hypophy&ec- 
tomized immature female and male rats. We found that the percentage 
of protein digested was often of decisive importance in determining 
destruction or survival of the hormones. Thus, if the tryptic digestion 
of the crude hog pituitary extract which contains both metakentrin and 
thvlakentrin had proceeded to a moderate extent (less than 48 per cent;, 
follicular growth was stimulated but the luteinizing action was absent. 
If digestion was carried to 61 to 75 per cent, both follicle-stimulating 
and luteinizing activities were abolished. It seemed reasonable to us, 
therefore, that the discrepancy between the results of Abramowitz anti 
Hisaw, and those of other authors could be explained on the basis of 
differences in the degree of digestion. 

In a recent paper, McShan and Meyer 41 described a reproducible 
method by which a crude extract, containing both follicle-stimulating 
and luteinizing activities, can be converted to a product having follicle- 
stimulating activity only. The degree of digestion was followed by the 
increase of amino-nitrogen content. Their results, in agreement with 
ours, showed that although the luteinizing activity can be easily de¬ 
stroyed by tryptic digestion even to a moderate extent, the survival of 
the follicle-stimulating activity is dependent upon the degree to which 
the gonadotrophic extracts are digested by tiypsin. The same authors 
further showed that ptyalin or takadiastase destroys the biological activ¬ 
ity of thylakentrin. Since these enzymes are assumed to attack car¬ 
bohydrates but not proteins, it seems reasonable to conclude that carbo¬ 
hydrate also plays an important part in the biological activity. The 
carbohydrate is not separable from the protein by dialysis or by chemical 
fractionation, and it is assumed that it is united by chemical bonds. 
Thus thylakentrin is probably a glycoprotein. The proof of such a hy¬ 
pothesis lies in the eventual isolation of this hormone in a chemically pure 
form. Because of the importance of the carbohydrate group, attempts 
have been made to identify 42 * 43 and to correlate the carbohydrate con- 

40 chow, B. F., Greep, R. O. & van Dyke, H. B. Jour. Endocrinologj 1: 440. 1939. 

11 McShan, W. H. & Meyer, R. X. Jour. Biol. Chem. 135: 473. 1940. 

Fleisher, G., Schwenk, E. & Meyer, X. Nature 142 : 835. I93b. 

> * Hartmann, M. & Benz, F. Nature 142:115. 1038. 
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rent of crude extracts containing the follicle-stimulating hormone with 
biological activity. Evans 44 and others found that although the thy- 
lakentrin fraction of sheep pituitary extracts undoubtedly contained 
more carbohydrate than any other fraction of pituitary hormones, the 
determination of carbohydrate alone could not be taken as a measure of 
it* follicle-stimulating potency. Therefore, they searched for a more 
specific chemical characterization of this gonadotrophic hormone and 
found that a high glucosamine as well as carbohydrate content are valu¬ 
able guides in the purification of follicle-stimulating hormone. It must 
be emphasized here that the analyses were made on extracts of unknown 
chemical purity. 

The Action of Other Chemical Agents on the 
Follicle-Stimulating Activity of Thylakentrin 
EFFECT OF KETENE 

Ketene is capable of reacting with all active hydrogens in the protein 
molecule, namely —NH 2 , — SH, phenolic and alcoholic —OH, Among 
these groups, the amino group is most easily acetylated. 

Li, Simplon, and Evans 46 subjected both thylakentrin and metaken- 
trin to ketene treatment at pH 5. They found that acetylation for 5 
minutes significantly decreased the potency of metakentrin. In con¬ 
trast with this, reduction in the activity of thylakentrin did not occur 
in 5 minute-* but did occur after 30 minutes of acetylation. The authors 
concluded from these experiments that the physiological activity of both 
thylakentrin and metakentrin is dependent on the free amino groups. 
They assumed that during acetylation under their experimental con¬ 
ditions 1 30 minutes at pH 5.7), ketene did not react with the hydroxyl 
group' in the carbohydrate part of the molecule, because Neuberger 46 
found ketene unable to acetylate the hydroxyl groups in carbohydrate 
resulting from the hydrolysis of egg albumin for as long as 18 hours at 
pH 6.0. They further assumed that phenolic groups were not attacked, 
)>ecause Stern and White 47 have shown that at least 45 minutes are nec¬ 
essary to cause appreciable acetylation of the phenolic groups of insulin. 
Such an assumption may not be entirely valid, because it is conceivable 
that the rate of reaction betw r een the ketene and the phenolic groups of 
different proteins may differ. Such assumptions would not have been 
necessary if enough material were available for the determination of the 
ratio of the molar fraction of acetyl groups introduced to that of amino 

14 Evans, H.M., Fraenkel-Conrat, H., Simpson, M. E. & Li, C. H. Science 89: 249. 1989. 

J Li, C. H., Simpson, M. S. & Evans, H. M. Jour. Biol. Chem. 131: 259. 1939. 

to Heuberger, A. Biochem. Jour. 88: 1443. 1938. 

4- Stem, X. O. & White, A. Jour. Biol. Chem. 188: 371. 1937-1938. 
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groups acetylated, and also if no decrease of tyrosine groups was found. 
The acetylation could not occur on the sulfydryl group because .. thio 
gi’oups have not been found in these substances.” 

EFFECT OF REDUCING AGENTS 

In 1935 Maxwell and Bischoff 4 ’ made some chemical -tadies on the 
effect of reducing agents on impure pituitary gonadotrophic hormone. 
They found no detectable loss of activity upon short exposure of hor¬ 
mone to nascent hydrogen, sulfur dioxide, hydrogen sulfide, ferrous sul¬ 
fate, or hydrogen cyanide. 

Different results were obtained by Fraenkel-Conrat, Simpson, and 
Evans 49 . They used cysteine, which reduces only the disulfide linkage 
of the protein, and found that unfractionated gonadotrophic extracts or 
purified thylakentrin, when treated with cysteine at pH 7.7 for two days, 
were more than 95 per cent inactivated. They therefore concluded that 
—S—S— linkages are important to biological activity. McShan and 
Meyer 41 confirmed the inactivation of thylakentrin by reduction with 
cysteine. Their preparations, made by the trypsin method, were in¬ 
activated by treatment with 6 to 40 times their weight of cysteine at 
room temperature for 48 hours. 

Bischoff 80 reopened the question of the reduction of gonadotrophic 
hormones. He studied the action of both cysteine and cyanide upon the 
hypophysial gonadotrophic hormones. He allowed cysteine to react 
with the hormones for 12 or 48 hours, and cyanide for 1 or 24 hours. His 
results indicated that increasing amounts of cysteine and extension 
of the reaction time increased the inactivation, but that the pituitary 
hormones were able to withstand a short exposure (1 hour) to cyanide 
in alkaline solution. 24 hours of exposure produced some inactivation. 

These three groups of workers confirm one another concerning the 
reduction of biological activity of thylakentrin when it is exposed to 
cysteine for a period of 24 hours. But Bischoff disagreed with the hy¬ 
pothesis. suggested by Fraenkel-Conrat and coworkers and endorsed by 
McShan and Meyer, that — S—S— linkages are an essential part of the 
active group of this gonadotrophic hormone. He suggested that the 
inactivation produced by a large excess of reagent and prolonged reaction 
time might be ascribed to side reactions, but he did not suggest what the 
side reactions might be. 

« Maxwell. L. C., & Biiehofi, T. Jour. Biol. Chem. 1U: J1J. 1933-J8. 

49 Tmenlnl~&d£yrat, H., Simpson, M. E. & Evans, H. BE. Jour. Biol. Chem 130; 334. 1939. 

o Bischoff, F. Jour. Biol. Cbom. 134: 641. 1040. 
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Interpretations Suggested by Ultracentrifugation 
or Electrophoresis 


Ultruccntrifligation or electrophoretic analysis lias been helpful in the 
Eolation of many biologically active proteins. The first attempt to 
concentrate anterior lobe and pituitary-like hormone in the castrate and 
menopause urine was made by Severinghaus, Levin and Chiles 51 . They 
found that the gonadotrophic hormone from the urine could be concen¬ 
trated by ultracentrifugation at 150,000 to 200,000 g. for 4 to 6 hours, 
indicating a relatively high molecular weight for the hormone, but there 
appeared to l>e no marked purification. 

Electrophoretic stmlies of anterior pituitary proteins have been made 
by Shipley, Stem and White 52 . The preparations used included crude 
pituitary gland extracts obtained with dilute alkali, glycerol, or saline. 
The number of the main boundaries detected during electrophoresis was 
rather Miiall 2-4», and the bulk of the protein was inert. Therefore, 
electrophoretic analysis of crude extracts has not given useful informa¬ 
tion on the electrochemical properties of the thylakentrin. 

In collaboration with Doctors Shedlovskv and Rothen of the Rock¬ 
efeller Institute for [Medical Research, w T e have made a few’ electropho¬ 
retic and ultracentrifugal analyses of our biologically pure thylakentrin 
extracts. < Kir results showed definitely that they were electrically in¬ 
homogeneous and ultracentrifugally polydisperse. Details of all our 
experiments will not be given, but one typical electrophoretic separation 
experiment is worth mentioning. Using an acetate buffer of pH = 5.0 
and = 0.05, we found that one of the protein components moved 
anodieallv. wiiile the remaining components moved eathodically ( figure 
1'. Separation into fractions was made mechanically. The number 
of components expected in each fraction is given in figure 1 and table 2. 


“ Severinghaus, A. K., Leyin, L. & Chiles, J. A. Endocrinology 23: 285. 
“ Shipley, B. A., Stern, X. G., & White, A. Jour. Et P . Med. 69: 785. 
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Table 2 


Biological Assay in Hypophysectomized Rais of the Composes io Obtained 
Electrophoretic Separation of Impure Swine Thylakentrin. 


Fraction 

number 

Components 

present 

Micro¬ 

gram 

N per 
dose 

Num¬ 
ber of 
rats 
u&ed 

Weight 
of tester 
in mg. 

Weight 
of an¬ 
terior 
prostate 
in mg. 

5 

X + I 

10 

5 

126.4 

6.S9 

6 

X + 1 (II; 

10 

5 

110.4 

7.4S 

7 

III 

10 

3 

178.6 

6.57 

10 

III + (II) 

10 

5 

178.6 

6.76 

Control 

0 

5 

114.7 

6.69 


All fractions were analyzed for nitrogen and assayed in hypophysecto- 
mized male rats. The results of the assay are given in table 2. It can 
be seen that the biological activity was concentrated in fractions 7 and 
10. Fraction 7 contained only component III, but fraction 10 con¬ 
tained component III and a small amount of II. Since component II 
should also have been present in the inactive fraction 6, it seemed rea¬ 
sonable to conclude that component III was the hormone. 

Similar separation experiments were made at pH 4.6. The active 
component moved as a cation. From the mobilities of the active 
component at pHs 5.0 and 4.6, we estimated the isoelectric point of hog 
thylakentrin to be about 4.8. 

CONCLUSION AND SUMMARY 

In the brief discussion of the chemistry of thylakentrin tFSH> the 
following points were emphasized: 

1. Methods of Biological Assay. In evaluating different methods, 
emphasis was placed on the feasibility of quantitative estimation of the 
thylakentrin present in a given extract. If metakentrin is absent in the 
test extract, the increase of weight of either ovaries or testes may be used 
for quantitative assay. If metakentrin is also present, the interpreta¬ 
tion of the biological result becomes difficult. Estrogen secretion ap¬ 
parently is not provoked by thylakentrin alone. 

2. Methods of Purification. The chief accomplishment in the 
purification of thylakentrin has been the removal of other pituitary 
hormone proteins, particularly metakentrin (ICSH). The separation 
of these two gonadotrophic hormones can be effected by utilizing the 
relative insolubility of metakentrin in half saturated ammonium sulfate 
solution, in 40 per cent alcohol at —6°C., or in 20.5 per cent sodium sul- 
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fate buffered with acetate at pH 4.4. Though the purified thylakentrin 
is not chemically pure, it can be obtained free from other pituitary hor¬ 
mones. Our be>t preparations of thylakentrin did not stimulate estrogen 
secretion, even when large do&es were given to hypophvsectomized rat^ 
over a period of ten days. It seems probable that the thylakentrin 
extracts which cause uterine hypertrophy are contaminated by meta¬ 
kentrin. Estimation of metakentrin ihog) could be made either by the 
increase of the weight of the ventral prostate of the hypophyseetomized 
rat> or by the precipitin test with immune sera of rabbits immunized 
with pure hog metakentrin. 

3. Physico-chemical Properties. Chen and van Dyke, and Mc- 
rihan and Meyer found that tryptic digestion abolishes most of the 
luteinizing hormone but leaves thylakentrin unimpaired. Abramowitz 
and Hisaw, how’ever, found that crystalline trypsin destroys both gona¬ 
dotrophic hormones at about the same rate. We found that these 
apparently divergent results could be harmonized, if the percentage of 
protein digested was taken into account. In other w’ords, if the ciude 
hog pituitary extract was digested by trypsin to a moderate extent (less 
than 4S per cent i, the digest could stimulate follicular growth, but the 
luteinizing action w r as absent. If the digestion was carried out further 
(to 61-75 percent) both thylakentrin and metakentrin,originally present 
in the extract, were destroyed. 

Thylakentrin can also be inactivated by ptyalin or takadiastase. The 
assumption is that these enzymes attack only carbohydrate. Since 
both carbohydrate and protein play an important role in the biological 
activity, it is further assumed that thylakentrin is a glycoprotein. 

The actions of chemical agents like ketene or cysteine have been 
studied. Acetylation of thylakentrin with ketene for 30 minutes abol¬ 
ished its biological activity. It was assumed that the destruction of the 
biological activity was due to the acetylation of the amino groups. Cys¬ 
teine likewise destroyed completely the activity of thylakentrin. Whether 
this chemical action is one of reduction has not been conclusively proved. 

Only a few’ studies of thylakentrin have been made using either electro¬ 
phoresis or the ultracentrifuge. The electrophoretic separation of thy¬ 
lakentrin in purified extracts of hog pituitary’ at different pHs suggested 
that the isoelectric point of the hormone is about 4.8* 



THE LUTEINIZING HORMONE OF THE ANTERIOR 
LOBE OF THE PITUITARY BODY 

By H. L. Fevold 

From the departments of Physical Chemistry and Physiology, Harvard Medical School, 
and the Biological Laboratories, Harvard University. 

INTRODUCTION 

Early indications of the existence of a pituitary luteinizing hormone 
wore obtained by Evans and coworkers. 1 They reported that alkaline 
extracts of pituitary tissue produced excessive luteinization of the ovaries 
when injected into rats, while acidified extracts produced follicular growth 
with less luteinization. They ventured the opinion that the growth 
hormone might be the factor which produced luteinization. At approx¬ 
imately the same time, Ascheim and Zondek 2 - 3 reported the discovery- 
of two gonadotrophic hormones in the urine of human beings. One of 
these stimulated the growth of follicles in the ovaries of rats and the 
second produced corpora lutea. Since it had been shown that the pit¬ 
uitary was essential for gonadal development 4 , it w r as concluded that 
these substances had their origin in the pituitary. Subsequent woik led 
to a great deal of discussion regarding the unity or duality of the pituitary 
gonadotropic complex, the question being complicated by the fact that 
the luteinizing hormone found by Ascheim and Zondek in the urine of 
pregnancy was not a pituitary hormone and should not have entered into 
the discussion. The luteinizing hormone of pregnancy urine is of pla¬ 
cental origin, is not a pituitary hormone, and will not be considered in 
this paper. 

Chemical fractionation of pituitary gonadotropic extracts resulting 
in the separation of a luteinizing hormone (LH) from a follicle-stimu- 
ulating hormone (FSH) was reported in 1931 B . Following that report, 
interest in the gonadotropic complex and in the existence of the lutein¬ 
izing hormone as a separate individual was further stimulated. Further 
purification of the factor from other pituitary hormones together with 
physiological characterization of the purified preparations demonstrated 
that it carried out certain physiological functions which could not be 
carried out by the follicle-stimulating hormone or by any other pituitary 

1 Ivans, H. M. & Simpson, H. Z. Jour. Am. Med. Ann. 91:1SS7. 1948. 

J Anoh.im, S. & Zondek, B. Klin. Wchnschr. S: 1844. 184T. 

3 Zondek, B. Klin. Wchnschr. 8: 945. 1930. 

4 Smith, P. X. Jour. Am. Med. Ann. 88; 158. 1997. 
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hormone. Its place as a separate individual and as an important and 
indispenrible factor in maintaining gonadal function was therefore 
gradually established. 5 ”* 5 

At the present time it appears to be well established that the lutein¬ 
izing hormone of the pituitary is responsible for and carries out the fol¬ 
lowing physiological functions. Together with the follicle-stimulating 
hormone it produces estrogen secretion from the ovarian follicles. 16- " 1 * 
It takes part in the enlargement of the follicles which immediately pre¬ 
cedes ovulation and which has been called preovulatory swelling. 19 *” 21 
It simulates the development of luteal tissue and corpora lutea , which 
then secrete progesterone. The luteinizing hormone is not, however, 
the factor which maintains the corpora lutea in a functional, secretory’ 
state; a different luteotropic factor from the pituitary carries out that 
function. 22 23 In the male it acts on the interstitial cells of the testes, 
stimulating them to secrete the male hormone which then maintains the 
.secondary sex glands and other secondary sex characters. It is therefore 
an essential substance for reproductive processes, both in male and 
female—as a luteinizing hormone in one and as an interstitial-cell-stimu- 
lating hormone in the other. 

In addition to the evidence for the separate existence of the lutein¬ 
izing hormone obtained by chemical purification and by physiological 
studies of the purified preparations, important confirmatory evidence 
for chemical differences in the two gonadotropic hormones has been found 
in studies of the action of enzymes on pituitary extracts. By subjecting 
such extracts to controlled digestion with trypsin or chymotrypsin it 
has been possible to destroy the luteinizing activity of the extracts and 
still retain the greater part of the follicle-stimulating activity. Con¬ 
versely, it has been reported that pepsin destroys all of the follicle-stimu¬ 
lating activity with very’ little destruction of luteinizing activity if the 

5 Fevold, H. L., Hisaw, F. L. A Leonard, S. L. Am. Jour. Physiol. 97: 491. 1931. 

6 Fevold, H. L. t Hisaw, F. L., Hellbaum, A. A Berts, XL Am. Jour. Physiol. 104: 710. 1933. 

7 Fevold, H. L. A His&w, F. L. Amer. Jour. Physiol. 109: 655. 1934. 

8 Wallen-Lawrence, Z. Jour. Pharmacol. & Exp. Ther. 51: 463. 1934. 

» Evans, H. M.» Korpi, K., Simpson, M. E., Pencharz, E. I. A Wonder, D. H. Tniv. of Calif. 
Pub. in Anat. 1: 455. 1936. 

Greep, E. O., Fevold, H. L. A His&w, F. L. Anat. Kec. 165 : 261. 1936. 

11 Greep, E. A Fevold, H. L. Endocrinology 31: 611. 1937. 

Fraenkel-Conr&t, H., Li, C. H., Simpson, M. E. A Evans, B. M. Endocrinology 27: 793. 

* a Greep, E. O. Cold Spring Harbor Symposia Quant. Biol. 5: 186. 1937. 

* 4 Breneman, W. E. Anat. Rec. 64 ^Suppl. : 56. 1935. 

18 Breneman, W. E. Anat. Rec. 64: 411. 1936. 

* b Fevold, H. L. Anat. Rec. I Suppl. i) 73: 19. 1939. 

17 Fevold, H. L. Endocrinology 28: 33. 1941. 

1940 SIl ®<UovBky, T *» Bothen, A., Greep, E. O., van Dyke, H. B. A Chow, B. F. Science 92:188. 

ifr Foster, M. A. A Bisaw, F. L. Anat. Rec. 62: 75. 1935. 

Jo Foster, M. A., Foster, E. C. A Hisaw, F. L. Endocrinology 21: 449. 1987. 

Hisaw, F. L., Greep, E, O. A Fevold, H. L. Anat. Rec. Suppl. 64: 34. 1935. 

Evans, H. M., Simpson, H. E. A Turpelnen, K, Anat. Rec. Suppl. 70: 26. 1938. 

-'ft Astwood, B. B. Endocrinology 28: 309. 1941. 
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digestion is not allowed to proceed too far. Ptyalin Saliva) wa^ found 
to destroy the FSH but not LH. 24-29 

The individuality and specificity of the two gonadotropic hormones 
is further demonstrated by some immunological experiments which have 
lteen reported. It has long been known that antigonadotropie sub¬ 
stances are produced in animals when they are injected for long periods 
of time with gonadotropic extracts. Morever, it has been found that 
antisera produced against preparations which are rich in LH but poor 
in FSH will selectively neutralize the LH with very little effect on the 
FSH when injected together with an extract rich in both. 30 

A recent paper reports some further interesting experiments dealing 
with the production of antigonadotropie sera. 31 An unfractionated 
gonadotropic extract w T as subjected to tryptic digestion which digested 
the LH but not the FSH. This preparation was then used to produce 
antisera against FSH. When these antisera w T ere injected with FSH 
alone, they completely neutralized the FSH effect. WTien the antisera 
w’ere injected with an unfractionated extract containing FSH and LH, 
the FSH action w T as neutralized but no effect on LH activity w T as appar¬ 
ent. An antiserum produced by injecting both FSH and LH simulta¬ 
neously, however, neutralized the effects of both when injected with 
them. 

It is therefore possible to produce antisera which will neutralize either 
follicle-stimulating hormone or luteinizing hormone or both, depending 
on whether one or both were present in the extract wilich w T as injected 
to produce the antisera. Thus the two hormones would appear to be 
separate and distinct proteins. 

OCCURRENCE OF THE LUTEINIZING HORMONE 

The luteinizing hormone is present in the pituitaries of all animals 
which have been investigated. There is a species difference in the quan¬ 
tity of luteinizing hormone present, although the information is not too 
definite due to the fact that different assay methods have been used, and 
they have usually been earned out in the presence of the folliele-stimiila- 
ting hormone, w’hieh may have some effect on the result. Table 1 lists 

2 * McShan, W. H., St Meyer, R. K. Jour. Biol. Cliem. 126: 361. 1938. 

McShan, W. H. St Meyer, R. K. Proc. Soc. Exp. Biol. Med. 40: 609. 1939. 

McShan, W. H. St Meyer, R. K. Proc. Soc. Exp. Biol. Med. 40: 701. 1939. 

Chen, G. St van Dyke, H. B. Proc. Soc. Exp. Biol. Med. 40:174. 1089. 

Jt *Greep, R. An&t. Rec. {.Suppl. 4» 73: 43. 1939. 

Chow, B. F., Greep, R. O. St van Dyke, H. B. Jour, of Endocrinology 1: 440. 1930. 

30 Rowlands, I. W. Jour, of Endocrinology 1:174, 1939. . , 

1 1 Kupperman, H. S., Meyer, R. X. St McShan, W. B. Endocrinology 29: 345. 1941. 



324 


AXXALS XEW YORK ACADEMY OF SCIEXCES 


Table 1 


LlXLIMZJLNG HoKUUXL C0X1ENT OF THE PlTLTTARIEb OF VARIOUS SPECIES 


High 

Moderate 

Low 

- 

Cat 

Rat 

Beef 


Baboou 

Armadillo 

Whale 


Sheep 

Guinea Pig 

Horse 


Opossum 

Cottontail Babbit 

Dog 

Swine 

Domestic Rabbit 

Human 



the pituitaries of various species in three groups, roughly classifying 
them with regard to their luteinizing hormone content. 32-35 

Information regarding the occurrence of luteinizing hormone in other 
tissues is meager. It has been reported to be present in blood but only 
in small amounts. It is apparently excreted in small amounts, usually 
together with follicle-stimulating hormone, in the urine of human beings 
throughout life. 36 37 The large amount of gonadotropic hormone (Prolan 
B) excreted in human pregnancy urine, as has already been pointed out, 
is of placental origin and is physiologically and chemically different from 
pituitary luteinizing hormone. 

The gonadotropic preparations obtained from pregnant mare serum 
and which produce luteinization may or may not be composed of two 
substances, one of which is luteinizing hormone. Fractionation of mare 
serum into two gonadotropic substances has been reported 38 - 39 but more 
recently preparations of very high activity 40 and preparations which are 
electrophoretically homogeneous 41 have been prepared which are equiva¬ 
lent physiologically to the original crude serum. 

There is, however, another piece of evidence which would seem to show 
that two gonadotropic hormones are present in pregnant mare serum. 81 
Thi3 comes from immunological data dealing with the production of 
antisera. It has been reported that antisera produced against sheep 
pituitary FSH will inhibit the follicle-stimulating activity of pregnant 
mare serum when injected with it but has no effect on the luteinizing 
action. If this be substantiated, it would seem to prove the presence 
of a separate luteinizing protein also in pregnant mare serum. At least 


32 Hill, R. T. Jour. Physiol. 83: 137. 1934. 
w3 Fevold, H. L. Endocrinology 24: 435, 1939. 

■} J Wltschi, K. Endocrinology 27: 437. 1940. 

* West, E. & Fevold, H. L. Proc. Soc. Exp. Biol. Med. 44: 446. 1940. 
d 6 Engle,,E. T., Allen, Danforth 8s Doisy. "Sex and Internal Secretions.** Second Edition. 
< hapter XVIII. Part II. Williams and Wilkins Co. Baltimore, Md. 

Fevold, H. I«. & Flake, V. M. Endocrinology 24: 823. 1939. 

21 A. A. Proc. Am. Physiol. Soc. 119: 331. 1937. 

3» Evans, H. M., Koxpi, EL., Simpson, M. E. & Pencharz, R. I, 

1936. 


Univ. Calif. Pub. in Anat. 1: 


« J Cole, H. H., Pencharz, R. 1. A Goes, H. Endocrinology 27: 548. 1940. 
41 Id, G. H., Evans, H. M. & Wonder, D. Jour. Gen. Physiol. 28: 733. 19 
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it would prove that follicle stimulation and luteinization are produced 
by separate prosthetic groups which may or may not be attached to the 
same protein molecule. 

ASSAY METHODS FOR THE LUTEINIZING HORMONE 

A number of methods have been and are being used in determining 
the activity of LH preparations. All of these are biological and depend 
upon individual physiological properties of the hormone. 

The first method used in quantitative work was based on the first 
known physiological property of the hormone, namely the production 
of corpora lutea in the ovaries of immature rats and the increased weight 
of the ovaries when LH is injected into immature female rats together 
with FSH. An amount of FSH is injected over a period of four days 
which produces approximately 100 per cent increase in weight over that 
of the ovaries of untreated rats. Various amounts of LH are then in¬ 
jected simultaneously with the same amount of FSH, and the additional 
increase due to the LH is determined. That amount of LH which pro¬ 
duces an additional 100 per cent increase in the weight of the ovaries 
together with the production of corpora lutea is considered a unit. 42 This 
method has the obvious disadvantage of depending on the interaction of 
two substances and necessitates the use of FSH which is free of LH. 
This method can therefore be used only with purified materials. 

Other methods, which have been used more often recently, depend on 
the physiological activity of the luteinizing hormone in the male. LH 
stimulates the interstitial elements of the testes to secrete androgenic 
hormone, which then acts on the secondary sex glands such as the pros¬ 
tate and the seminal vesicles. The increase in the weight of any one 
or of all the secondary sex glands may therefore be used as an indirect 
measure of the activity of the LH preparation. 

The end point which we have used in our laboratory has been the 
weight increase in the seminal vesicles plus the coagulation gland. 33 
Immature male rats, 21 to 22 days old at the beginning of the test, are 
injected twice daily for 4 days with varying amounts of the material to 
be tested. The volume of liquid is cc. per injection. The animals are 
then killed the morning of the fifth da 3 T ; the seminal vesicles plus the 
coagulation gland are dissected and weighed.* From 50 to 100 per cent 
increase in the weights over those of seminal vesicles of control rats is 
taken as a unit. The seminal vesicles plus the coagulation glands of 
untreated rats 25 days old average 10.5 mg. with the limits 8.5 to 12.5 

*3Fevold, H. L. Cold Spring Harbor Symposia on Quant. Biol. 5: 9S. 1987. 

* The structures removed also include a small portion of the dorsal prostate. 
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mg. The lowest dosage which increases the weights to 17 or 18 mg. is 
the imit. This would be a 100 per cent increase based on the lower 
limit and a 50 per cent increase based on the upper limit of untreated 
glancK The results obtained are consistent, and the method has been 
u«ed 'iiccer-sfully with rats derived from a Sprague-Dawley strain. 

Thi« method can be used to determine LH in unfractionated extracts 
if the injections are properly carried out. 43 If the injections are made 
subcutaneously, the true value of LH is not obtained in an unfraction¬ 
ated extract because FSH increases the responses to LH. But if an 
unfractionated extract is injected intraperitoneally, this augmentation 
doe® not take place when amounts ordinarily used for standardization 
are given, and the response is due primarily to the LH present. Pure 
LH, however, gives approximately the same result whether injected 
subcutaneously or intraperitoneally. 

This method has been used in our laboratory' with consistently re¬ 
liable results, but the reports of other investigators indicate that the 
response to LH may not be alike in different strains of rats. Evans and 
coworkers find it difficult to produce any significant hypertrophy of the 
seminal vesicles with LH or with unfractionated extracts. 12 A prepara¬ 
tion of LH furnished us by Doctor Evans—which in hia animals (Long- 
Evans strain i produced very little seminal vesicle hypertrophy—quite 
readily produces as much as 600 per cent increase in seminal vesicle 
weight in our rats iSprague-Dawley strain). Similarly, an unfraction¬ 
ated extract containing both FSH and LH produced maximal hyper¬ 
trophy of the seminal vesicles in Sprague-Dawley rats but only about 
30 per cent increase in Long-Evans rats. This is all the more surprising 
because Long-Evans rats do respond to implants of pituitary tissue. 

Similarly, van Dyke and coworkers 44 ' 45 found that in hypophysec- 
tomized rats of the Long-Evans strain the seminal vesicles do not re- 
>pond markedly to LH injections but that the anterior lobe of the pros¬ 
tate serves as a better index of LH activity. Consequently they have 
used it as the end point. Their unit is described as an amount of ma¬ 
terial which produces a significant increase in the fresh weight of the 
anterior lobe of the prostate of rats hypophysectomized at 21 days of age. 
Injections are started 2 days after hypophysectomy and continued for 
4 days, injecting once daily. Necropsy is performed 24 hours after the 
la«t injection. 15 

Evans and coworkers use hypophyseetomized female rats to determine 
the activity of preparations of the luteinizing hormone. 12 The rats are 

13 Fevold. H. L. Jour. Biol. Cbem. IS: S3. 1939. 

1 ‘Greep, B. O. Proc. Am. Pfajbiol Soc. m press. 

1 a Greep, B. O., ran Dyke, H. B. & Chow, B. F. Jour. Biol. Cbem. 133: 989. 1940. 
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hypophysectomized when they are 26 to 28 days old, and the injections 
are started 6 to 8 days after the operation. At this time the interstitial 
cells of the ovaries have assumed a deficiency condition. The rats are 
then injected intraperitoneally, once daily for 3 days with the prepara¬ 
tion to be tested. At the end of the injection period the ovaries are 
removed, sectioned, and examined microscopically. The amount of the 
preparation which is sufficient to bring the interstitial cells back to nor¬ 
mal is defined as the unit. 

An assay method which is said to be a direct measure of LH, rather 
than indirect as those enumerated above, has been reported by Witschi. 1 * 4 
The animal used is the African weaver finch. The seasonal breeding 
plumage of the males of these birds is determined directly by the gonad¬ 
otropic hormones of the pituitary and more particularly by the lutein¬ 
izing hormone. The female and the male plumage during the nonbreed¬ 
ing season is white. When LH is injected in the breast muscles, a black 
spot or bar appears in the feathers 2 days after injection; and the mini¬ 
mum amount to produce the black bar is taken as a unit. This effect is 
believed to be very specific for the LH, and the presence of FSH has very 
little, if any, effect on the results. 

The unfortunate situation exists at the present time that no two 
laboratories have used the same method for LH assay, and there are no 
comparisons of the results obtained by the various methods. Corre¬ 
lation of the quantitative data dealing with the luteinizing hormone is 
urgently needed. Comparison is made still more difficult by the fact 
that not only are the methods different but strains of rats which seem to 
be of different physiological reactivity are used. Much confusion and 
misunderstanding would be avoided, and research on the luteinizing 
hormone would be greatly facilitated if some agreement could be reached 
on a method for standardization. It would be most practical if the 
assay method devised could be used on intact animals, thus obviating 
operative procedures such as hypophysectomy. 

EXTRACTION AND PURIFICATION OF THE LUTEINIZING 

HORMONE 

The pituitary tissue which has been used for chemical investigations 
of the gonadotropic hormones has been obtained almost exclusively 
from sheep and swine. Cattle pituitaries are available but contain very 
little gonadotropic material. The pituitaries are removed at slaughter 
houses and are preserved in one of two ways. They are either frozen 
and stored, or are desiccated with acetone, ground and stored as powders. 
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Either of tho.se procedures has been thought to retain the hormones in 
active form. 

A report has recently been made of an investigation dealing with 
various methods of preserving pituitary tissue. 46 The pituitaries were 
desiccated with acetone, with alcohol, air dried, and also stored in the 
fresh frozen state. The subsequent biological assays showed a marked 
loss of activity when desiccation was effected with acetone or alcohol, 
but only a slight loss when the tissue was dried in air. Storage of sheep 
pituitary tissue in the frozen state, at —10° C., resulted in no loss of 
gonadotropic activity after SO days. From the results it appeared that 
autolysis of the tissue did not proceed very rapidly since no loss occurred 
on aii* drying. But the safest method for preserration and storage 
seems to be in the frozen condition. 

Purification of the luteinizing hormone is effected by methods which 
are widely used in protein chemistry, namely: precipitation with salt, 
isoelectric precipitation, and by fractionation with aqueous acetone or 
alcohol. In the last two or three years a high degree of purification has 
been obtained in at least three laboratories. The preparations from two 
of these laboratories are reported to be pure proteins as determined by 
sedimentation in the ultracentrifuge, electrophoretic analysis and by 
solubility studies. The product obtained by the third group of workers 
appears riot to be pure, as judged by these criteria, but seems to exceed 
those of the others in activity. 

Van Dyke and coworkers used fresh hog pituitaries as their original 
material.^ 29 45 The method by which they obtain a pure protein prepa¬ 
ration of the luteinizing hormone is as follows: 

1. 1 kg. fresh hog pituitaries is extracted with 5 liters of cold 2 per cent 
NaCl. 

2. pH is adjusted to 4.2-4.6 with n 70 HC1. Centrifuged. 

3. Precipitate is washed twice with 2 per cent XaCl. 1.7 liters per 
washing. 

4. Supernatants are combined and saturated with (NH^oSCb. 

5. Precipitate is removed by filtration. 

6. Precipitate is dialyzed in cold against distilled w r ater until free of 
salt. Precipitate is removed and discarded. 

7. pH is adjusted to 5.1. Precipitate is discarded. 

ft. Supernatants are brought to 50 per cent saturation with (XHV^SCh 
at pH 4.2. Inactive precipitates are washed and discarded. 

0. Solution is brought to 0.9 saturation with (NELOaSO^ Precipitate 
is collected by filtration and again dialyzed salt free. 

4 « Kuppermaai, H. S., Elder, W. H. & Meyer, &. Endocrinology 39 : 83. 1941. 
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10. One volume of 1m acetate buffer, pH 4.41 ip added and two vol¬ 
umes of 41 per cent Xa:S0 4 . 

11. The precipitate is dissolved to a concentrated solution and the ac¬ 
tive material precipitated at 1 « saturation (XH^Sth, pH T.3-7.4. 

12. Precipitate is taken up in water and the active material precipitated 
by the addition of an equal volume of saturated ammonium sulfate, 
pH T.3-7.4. 

13. These last two steps are repeated 7 times and the final precipitate 
in a small volume of water is dialyzed salt free. 

This material was found to contain 150 rat units per mg., 6.7 micro¬ 
grams of the material being the minimal effective dose for the stimula¬ 
tion of the ventral prostate in hypophysectomized male rats. 

Electrophoretic analysis of the material showed only one component 
to be present with a mobility of —3.85 X 10“ 5 at pH 4.58, —2.01 X 10~ :> 
at pH 6.21 and 0.66 X 10“ 5 at pH 7.86. These measurements were 
made in acetate, cacodvlate and diethyl barbiturate buffers of 0.05 
ionic strength, and at temperatures near 0° C\, the mobilities being 
corrected to 0°. 

The average sedimentation constant in a 1 per cent XaCl solution wa* 
S 20 — 5.39 S.* The diffusion constant, determined in a eacodylate me¬ 
dium, was found to be D 20 = 5.9 X 10~ 7 . From these values the mole¬ 
cular weight was estimated to be approximately 90,000. 

Solubility studies likewise indicated that this material was a pure pro¬ 
tein because the solubility was independent of the amount of solid present 
in excess of saturation. 

Evans and coworkers 47 used acetone-desiccated sheep pituitary tissue 
as their original material, and proceeded with the extraction and purifica¬ 
tion of the active principle in the following manner: 

1. Three hundred grams of acetone-dried whole sheep pituitary pow¬ 
der are extracted twice with 40 per cent ethyl alcohol (4 liter* 
followed by 2 liters). 

2. The active material is precipitated at alcohol concentration of 
80-85 per cent, pH 0.0 with acetic acid. 

3. The precipitate is dried with absolute alcohol and ether. Yield 
12-15 grams. 

4. Fifty grams of the powder are extracted with three liters of water. 
pH 4.5 

3. The active material is precipitated with acetone. The precipitate 

* All bedimentation constants are expressed in S\edberg units, denoted S, and equal to 10- lu »et. 

17 Li, C. H. Simpson, M. E. & Evans, H. M» Endocrinology 37: 808. 1940. 
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ies extracted with one liter of 1 per cent saline solution and the in¬ 
soluble material discarded. 

0. The solution is brought to 0.5 saturation with (XH 4 j 2 S 04 by addi¬ 
tion of 1 volume of saturated (NEQoSOi solution. The precipitate 
is redissolved and reprecipitated twice. The precipitate contains 
LH and the supernatant FSH. 

7. Precipitate is made up to 800 cc. with water. 100 cc. of saturated 
f XH 4 « 2 S0 4 are then added. The precipitate is discarded. 

s. The supernatant is brought to 0.4 saturation. 

9. Steps 7 and 8 are repeated twice. Final precipitation is made from 
500 cc. 

10. The precipitate from 9 is dissolved in 300 cc. of solution and brought 
to 0.37 salt saturation by addition of 175 cc. saturated ammonium 
sulfate. Precipitate removed. 

11. Salt concentration increased to 0.4 saturation. Precipitate con¬ 
tains active material. 

12. Steps 10 and 11 repeated twice from smaller volume. 

13. Final product was dissolved in water to a 1 per cent solution and 
10 per cent trichloroacetic acid added to 2.5 per cent. 

14. Precipitate is dissolved in small volume of alkaline solution and 
reprecipitated as in 13. 

15. Final precipitate is dissolved in alkali and dialyzed against distilled 
water. 

16. Precipitate was obtained in dry form by evaporation of a frozen 
block. 

This material contains 100 to 200 rat units per milligram, the unit being 
based on the repair of the interstitial tissue of the ovaries of hypophv- 
sectomized rats. The yield of active material is but from 4 to 8 per cent 
if based on the activity of the starting material. It is free of all other 
pituitary hormones such as lactogenic, adrenotropie, growth, thyrotropic 
and the follicle-stimulating factors. 

When this material was investigated electrophoreticallv it was found 
that after 90 minutes only one boundary was present. The mobility 
was 6.36 X 10” 5 in phosphate buffer, pH 7.53, ionic strength 0.05 at 
1.5° C. 

In another publication 4 *' in which an alternate method of preparation 
is given, the sedimentation constant of the pure protein is given as 3.6 S 
in a 1 per cent XaCl solution. The isoelectric point is given as pH 4.6 
and the molecular weight as 40,000. Solubility studies are also reported 
as an indicatio n of the purity of the protein preparation. 

** Id, C. H. & Swu, H. M. Jour. Am. Chem. Soc. in pre^s. 
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In the Harvard laboratories we have also attempted to carry out the 
fractionation and purification of the proteins of the anterior pituitary 
glands. This joint research was undertaken because of the wide ex¬ 
perience with the hormones of this gland by certain of our colleagues and 
because of the comiction of others that there was “no theoretical ob- 
.>tacle to the isolation of all the protein constituents of any given tissue, 
or to their characterization as chemical substances, and to the study of 
their interactions as biological components.*’ 53 <fc Onlv reagents and con¬ 
ditions which are known to have little, if any, deleterious effect on mo>t 
proteins have been employed. The pH has been retained between 5.4 
and 8.0. Only two ions, ammonium and sulfate, in cold aqueous solu¬ 
tion, have been added throughout the process’* 49 in its early stages. In 
further preparations phosphate buffers have been employed to control 
the pH, which was never less than 5.2. 

»’Fevoid, H. L., Lee, M-, Hisaw, F. L. & Cohn, E. J. Endocrinology 26: 999. 1940. 


Diagram 1 

Fre^h Frozen Sheep Pittitari Tissue Uj 
Extract with dilute XH 4 OH at pH 8 


Extract <2' 


Residue 

Discarded 


Add ( xS H4)2SO4 to 0.25 m, adjust pH to 
5.4 with n 10 HSO 4 


Solution (d) 

Growth, thvrotropie, follicle- 
atimulating and luteinizing hormone 


Prtcijntate (d) 
Adrenotropic hormone 


i 

Adjust to pH 6.5-^7.0 with NH*OH 
Add (NHiJaSCh by dialysis to 2.0m 


Solution 

Follicle-stimulating and 70 per cent 
thyrotropic hormone 


Precipitate 

Growth, 30 per cent thyrotropic 
and luteinizing hormone 


Dissolve in distilled water 
Dialyze salt free 


Solution (4) Precipitate 

30 per cent thyrotropic and luteiniz- Growth hormone 

ing hormone 
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Recognizing that generally, in studies of this kind, u the limiting factor 
was never the chemical study of the active piinciple, but the unsatisfac¬ 
tory nature of the methods for bio-assay,” the direction and responsi¬ 
bility for all bio-assay in this problem was undertaken by the Harvard 
Biological Laboratories and for chemical fractionation and character¬ 
ization by the Department of Physical Chemistry at the Harvard 
Medical School. 

The first step in this investigation was the “Separation of Five Anterior 
Pituitary Hormones into Different Fractions by Isoelectric and Ammo¬ 
nium Sulfate Precipitation,’’reported in our previously published paper. 49 
Diagram 1 presents schematically the extraction, concentration and gross 
separation of the luteinizing hormone from the adrenotropic, growth, 
thyrotropic and follicle-stimulating hormone. 

Traces of protein in (4) precipitable at pH 5.4 may conveniently be 
removed at this point, the reaction being immediately readjusted to pH 7. 
Thereafter, besides the luteinizing hormone, the main remaining hormone 
is roughly 30 per cent of the thyrotropic, which is in our crude solu¬ 
tion (4). The thyrotropic hormone is more soluble in ammonium sulfate 
than is the luteinizing hormone. It can thus be removed by repetition 
of the precipitation with ammonium sulfate at the appropriate salt con¬ 
centration yielding our final fraction (4). 

Table 2 gives the solids and yields of various hoimones in the fir»t 
three steps of the procedure. Preparations III, IV, V and VII were 
prepared in the Harvard laboratories 50 . We are indebted to G. H. A. 
Clowes and J. C. Leighty for carrying out the extraction and initial 
fractionation of preparations XI, XII, XIII and XIV at the Eli Lilly 
and Company Laboratories. 

Although the solids in solution 13) as prepared by J. C. Leighty were 
somewhat higher than in our smaller preparations, so, in many cases, 
were the activities, and it was a great satisfaction to discover that the 
process we had employed could readily be carried out by independent 
workers in another laboratory. The salting out of various hoimones by 
ammonium sulfate has been earned out with great care by dialyzing the 
electrolyte through rotating collodion membranes at constant tempera¬ 
ture and pH. By avoiding local excess of reagents by this procedure, 
denaturation of the various proteins is much diminished on the one hand; 
on the other, far cleaner separations between the proteins present in each 

-0 Tevold, B. L., Oncley, J. L., Armstrong, S. H., Lee, M., Hisaw, 7. L. & Cohn, B. J. Un¬ 
published studies. 
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Extraction of Anterior Pituitary Hormones* 
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system uie effected at each ionic strength. Jl The results of this 
process as carried out in our earlier preparations have already been pub¬ 
lished. 49 Comparable studies with preparations XI, XII and XIII are 
reported in table 3. Although there is considerable deviation in the 
results from preparation to preparation, this comparison of four different 
preparations reveals that the previously reported separations can readily 
be carried out on a far larger scale than we have heretofore reported. 

By far the highest activity of the luteinizing hormone was found in 
the fractions precipitated by ammonium sulfate at. 1.6 and 1.8m re¬ 
spectively. Indeed, in preparations XI, XII and XIII, less than 1,000 
RU ''kg. were found in the fractions precipitated beyond 2m ammonium 
sulfate. Moreover, the amounts of solids in the^e most active fractions 
were smaller than those from the soluble proteins precipitated by am¬ 
monium sulfate at either the lower ammonium sulfate concentration of 
1.2 or at concentrations beyond 2.4. We therefoie carried out the fur¬ 
ther purification of the luteinizing hormone by again precipitating the 
uncombined water-soluble proteins precipitated respectively* at 1,2, 1.4, 
1.6 and 1.8m ammonium sulfate. As an example of procedure we shall 
give in detail the purification of preparation XI derived from 6 kg. of 
frozen tissue. The total solids in this preparation at this point were 21.3 
grams and the activity in RU/kg. was estimated to be 6.5, or within the 
levels that we have previously reported 49 for this crude luteinizing hor¬ 
mone fraction of from 5-10 RU mg. Several preparations have been 
more potent at this stage. 

The above solution was again fractionated with ammonium sulfate 
at pH 6.S-7.0, precipitates removed respectively at ammonium sulfate 
concentration of 1.3, 1.95 and 2.6, the ammonium sulfate being added 
through a cellophane membrane as before. At 1.3m, 1.4 grams of pro¬ 
tein precipitated. At 1.95,11.5 grams precipitated and at 2.6,6.4 grams. 
The first fraction contained less of the luteinizing hormone than we could 
test for; the last only traces. The fraction precipitating from 1.3-1.95 
contained just over half of the protein, thus containing by far the greater 
part of the activity. 

The middle fraction was again dissolved and precipitated with am- 

si Cohn, B. J., McMeekdn, T. L., Oncley, J. L. f Newell, J. M. & Hughes, W. L. Jour. Am. 
Chem. Soc. 63: 3386. 1940. 

B^l ^1937 * * Pencharz, E. I. Cold Spring Harbor Symposia on Quant. 

° 3 Brens, H. M. Addresses at the Dedication of the Research Building of Abbott Laboratories, 

p. 20. 

Qrw. B* O.. van Dyke, H. B. t& Chow, O. P. Am. Jour. Phjsiol. 1SS: 303. 1941. 

55 Cohn, B. J. Bull. X. V. Acad. Med. 15: 639. 1939. 

se Pfflemer, L.JEcker, B. B., Oncley, J. L. A Cohn, E. J. Jour. E^p. Med. 74: 297. 1941. 

a? HcMeeJdn, T. L. Jour. Am. Chem. Soc. 61: 2884. 1939. 

McMeeldn, T. L. Jour. Am. Chem. Soc. 63: 3393. 1940. 

** Cohn, E. J. L Luetscher, J. A., Jr., Oncley, J. L., Armstrong, S. H., Jr. & Daris, B. D. 
Jour. Am. Chem. Soc. 63: 3396. 1940* 



FEVOLD: LUTEINIZING HORMONE 


Tabll 3 


KractionatxoxofpH5.4 } 0.25m bll Pmnun Lxrja^ h\e- \\ u t 

(NTDSOi at pH 6.5-7.0 


Concentia- 
tion of 
NH 4 )>SCh 

Globu¬ 

lins* 

precipi¬ 

tated 

Growth 

hormone 

Soluble 

proteins 

Luteiniz¬ 

ing 

hormone 

Th\io- 

tropin 

Foiiielp- 

ing 

hormone 

moh L 

gm ktf 1 

RU kg 

gm kg* 

RU, kg 

CU kg 

RU l;g 



(See Table 2 and Ref. 49) 



1.4 

6.13 

25,000 

0.51 

2,000 

none 

none 

1.6 

1.66 

64,000 

0.31 

4,000 

none 

none 

1.8 

1.21 

trace 

0.63 

4,000 

300 

none 

2.0 

0.64 

none 

0.61 

4.000 

350 

none 

2.2 

0.34 

none 

0.49 

1,000 

1,500 

none 

2.4 

0.32 

none 

0.66 

500 

trace 

trace 

2.6 

0.28 

none 

0.81 

trace 

none 

1,000 

2.S 

0.40 

none 

0.75 

none 

none 

2.000 

3.8 

1.88 

none 

2.33 

none 

none 

none 



Preparation XI 



1.2 

11.35 

11,000 

1.05 

3,000 

200 

none 

1.4 

4.80 

25,000 

0.60 

10,000 

100 

none 

1.6 

2.40 

26,000 

1.00 

4,000 

300 

none 

1.8 

1.26 

2,000 

0.90 

6,000 

550 

none 

2.4 

2.05 

o,000 

3.11 

— 

2,500 

tracer 

3.0 

2.21 

none 

2.14 

— 

100 

1,000 



Preparation XII 



1.2 

12.05 

— 

0.75 

1,000 

none 

— 

1.4 

4.50 

76,000 

0.35 

4,000 

none 

— 

1.6 

3.84 

6,000 

0.46 

4,000 

500 

— 

1.8 

3.34 

3,800 

0.62 

6,000 

600 

— 

2.4 

2.35 

2,800 

— 

— 

1,300 

2,000 

3.0 

2.31 

— 

— 

— 

— 

4.000 



Preparation XIII 



1.2 

9.28 

4,400 

0.80 

800 

none 

— 

1.4 

* 

* 

* 

— 

— 

— 

1.6 

2.96 

6,300 

0.94 

2,000 

soo 

— 

1.8 

2.96 

2,400 

0.74 

4,000 

800 

traces 

2.4 

2.24 

— 

3.80 

1,000 

2,800 

2,000 

3.0 

2.30 

— 

— 

— 

none 

4,000 


a Dry weight of aliquots after dialysis. Assay units are given per kilogram of fresh gland. 
* Lost in shipment. 


monium sulfate from a still smaller volume. Since the total amount of 
protein in this system was smaller, the volume was also maintained 
smaller and fractions removed respectively at 1.4, 1.7 and 2.6 m. The 
first and the last contained only traces of the luteinizing hormone, which 
was thus again largely concentrated in the middle fraction which con¬ 
tained 3.9 grams. Since the total solids were reduced from 21.3 to 3.9 
grams, an increase in activity from 6.5 to 35.5 RT mg. would result were 
the yields of luteinizing hormone quantitative. Actually, the losses in 
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carrying out this process have always been small, yielding fractions with 
activities varying from 30 to 40 RU mg. as previously reported. 49 

Further concentration of the luteinizing hormone has been accom¬ 
plished by dissolving the material with activities of 30-40 RU 'mg. in 
water, dialyzing salt free and carefully adjusting to pH 5.0-5.2 with 
dilute H 2 S0 4 . A precipitate with comparatively small activity tabout 
10 per cent of the total) was removed. The supernatant solution wa> 
precipitated with (XH4J2SO4 at pH 7 in order to concentrate the protein, 
redissolved in about 17 cc. of water per kilogram of fresh tissue, and again 
dialyzed salt free and adjusted to pH 5.0-5.2, when a further precipitate 
was removed. This entire process w T as then repeated a third time. Ap¬ 
proximately one quarter of the original protein remained in solution at 
pH 5.2 after this third precipitation from small volume. Were the yield 
of hormone quantitative, an activity of from 120-160 RU mg. would be 
achieved. Bio-assay revealed losses of from 10 to 20 per cent; the ac- 
tivity achieved should thus have been of the order of 100-140 RU 'mg. 
Actually, bio-assays have revealed even greater activity at this stage, 
and the solids from 6 kilograms of fresh frozen sheep pituitary glands 
have been reduced to less than one gram. 

This material was studied electrophoretically in a phosphate buffer 
of pH 7.7 and ionic strength 0.2. The schlieren diagram obtained 
reveals two and perhaps three components with mobilities of approxi¬ 
mately 2.0, 4.0 and 5.4 X 10~ 6 cm 2 /volt sec. 

This concentrated solution has been the starting material in our further 
efforts to purify the luteinizing hormone. It was next dialyzed against 
phosphate buffer of pH 5.6 and 0.25 ionic strength until equilibrium w T as 
reached, and then dialyzed against distilled w T ater and finally conduc¬ 
tivity water. The pH was then 5.9-6.0. Under these conditions a 
euglobulin separated from the concentrated solution. The precipitated 
globulin w^as removed, and the supernatant solution concentrated by 
negative pressure dialysis to a small volume (15 cc. per kg. of frozen 
tissue). This was further chilled to 0° C. and the precipitated globulin 
combined with the main globulin precipitate. 

The precipitated globulin, in a volume of 1 cc. kg. of frozen tissue, 
was extracted with a small quantity of 1.18m ammonium sulfate, at pH 6 
and 0° C. This solution w*as separated from the undissolved precipitate 
by centrifugation at 0° C. and then brought to 25° C., w’hen a precipitate 
containing most of the luteinizing hormone separated. The supernatant 
was next cooled to 0° C. and employed in a second extract of the original 
precipitate again at 0° C. This process was repeated as often as any 
material was precipitated at 25° C. under these conditions. The pre- 
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cipitates obtained by the increase in temperature were collected and con¬ 
tained luteinizing hormone. 

Active material was thus obtained as, or associated with, a globulin 
with a negative temperature coefficient between 0° and 25° C. at pH 6 
in 1.16 m ammonium sulfate. The amount of material obtained at this 
point was roughly of the order of 10 mg., kg. of fre3h pituitary tissue. 
The fractions with activity above 150 RU/mg. have not been prepared 
sufficiently often for us to report values for the activity of this globulin 
at this time. Although great significance cannot be attached to the 
physical constants of this fraction since it has not been prepared often 
enough, in the interests of other workers in the field it may be helpful to 
report the ultracentrifugal and electrophoretic measurements that have 
been made. 

Examination in the ultracentrifuge carried out by J. L. Oncley over 
a considerable range of protein concentration showed that the protein 
in this globulin fraction was not homogeneous with respect to size and 
shape. Components of different sedimentation constant were present 
in a 1.3 per cent solution in 0.2 m KC1. A slower moving component 
comprised approximately 60 per cent of the total and had a sedimenta¬ 
tion constant of about 3.3 S, and the remainder of the material had a 
sedimentation constant of about 6.6 S. A preliminary study in a di¬ 
vided ultracentrifuge cell indicated that the fraction of lower sedimenta¬ 
tion constant was active. Whether the fraction of higher sedimentation 
constant was active has not been established. 

Electrophoretic analysis of this globulin fraction at a protein concen¬ 
tration of 0.4 per cent in phosphate buffer of pH 7.7 and ionic strength 
0.2 also revealed at least two components. Of these, the slower moving, 
estimated to be about 75 per cent of the total, had an electrophoretic 
mobility of about 1.8 X 10 -5 , while the faster moving component, com¬ 
prising approximately 25 per cent of the total, had a mobility of about 
5.3 X 10~ 3 . Electrophoretic separation of the two components, carried 
out by S. H. Armstrong, Jr., suggested that the fast moving material was 
relatively inactive while the slow moving fraction appeared the more 
active. 

These observations thus suggested that the highest activity we have 
noted was in the component of smaller sedimentation constant and lower 
electrophoretic mobility. It is always possible, however, that none of 
the protein components revealed by the schlieren diagrams represent the 
active hormone. 

This work was interrupted at this point by my acceptance of a govern- 
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ment po:*t and repetition of the experiments at Harvard has been post¬ 
poned because of preoccupation with protein problems related to defense. 

COMPARISON OF LUTEINIZING HORMONE 
PREPARATION 

A comparison of the physical constants of the luteinizing hormone 
preparations from the three laboratories is presented in table 5. It 
is apparent that if we assume that the proteins isolated and studied by 
the Squibb and Rockefeller Institute group, and by the University of 
California group, are pure luteinizing hormone proteins, we must come to 
the conclusion that sheep and swine luteinizing hormones are two 
different proteins. Chemical analysis of the two isolated proteins from 
sheep and swine pituitaries also brings out the fact that they are different 
proteins. The sheep protein isolated by the University of California 
group contains 4.5 per cent mannose, 5.8 per cent glucosamine, 1 per cent 
tryptophane, 4.5 per cent tyrosine, and 5.4 per cent cystine. The pro¬ 
tein isolated by the Squibb and Rockefeller Institute group from swine 
pituitary contains only 2 per cent carbohydrate, but 3.8 per cent trypto¬ 
phane. The other constituents mentioned above have not been deter¬ 
mined for swine preparations. 


Table 5 

Comparison op Luteinizing Hormone Preparations 



Iso¬ 

electric 

point 

pH 

Electro¬ 
phoretic 
mobility 
0°C., XI05 

Sedimen¬ 
tation 
constant. 
Svedberg 
Units, S 

Molecular 

weight 

Squibb and Rockefeller Institute 
Jresli swine pituitary; 
University of California 

^acetone-dried sheep pituitary) 

7.4 

0.6* 

5.4 d 

90,000* 

4.6 

6.4 b 

3.6 d 

40,000* 

Harvard University 
v frea»h sheep pituitary, 

— 

1.8~2.0 C 

3.3; 6.6* 


1 In 0.005 ionic strength, diethylbarbiturate buffer, pH 7.86. 
J In 0.05 ionic strength, phosphate buffer, pH 7.53. 

8 In 0.04 ionic strength, phosphate buffer, pH 7.77. 
d In 1 per cent v 0.17m NaCl. 

' In 0.40m KC1. 


f From sedimentation velocity and diffusion measurement. 
* hrom o',motic pressure measurements. 


If we consider the work on sheep pituitary tissue, the agreement is also 
not too satisfactory. The sedimentation constant of our slow sedi¬ 
menting component is close to that reported by the University of Cali¬ 
fornia workers. The electrophoretic mobilities reported by the two 
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laboratories do not agree, and the difference would appear greater than 
that expected from the difference in ionic strength and protein concentra¬ 
tion used in the separate investigations. The higher mobility observed 
by the University of California workers is of the same magnitude as the 
fa«ter moving electrophoretic component of relatively low activity 
observed in our work, however. 

The activity data are even more difficult to reconcile, and would 
appeal 1 to be greater than can be explained by the different methods of 
bio-assay employed in different laboratories. 

NOMENCLATURE OF THE LUTEINIZING HORMONE 

In conclusion, a few words should be said regarding the nomenclature 
of the luteinizing hormone. The pituitary gonadotropic hormones were 
originally given names which defined their physiological actions in the 
female, namely follicle-stimulating and luteinizing hormones iFSH and 
LH). 5-r It was subsequently shown that these two factors stimulated 
spermatogenesis and interstitial-cell hypertrophy respectively in the 
male. 1011 

Evans and coworker3 reported that the factor which stimulates the 
interstitial cells was not the factor which produces luteinization. They 
named this new substance the interstitial-cell-stimulating hormone 
(ICSHj and reported a complete separation of ICSH and LH. 9 - 52 This 
claim was later withdrawn 53 but the term ICSH has been retained by 
them for the substance which produces both luteinization and inter¬ 
stitial-cell stimulation, in other words for the luteinizing hormone. The 
terms LH and ICSH are now synonymous and refer to the same sub¬ 
stance. 

The Squibb group has recently preferred to dense Greek names for 
the two substances and have called them ‘‘thylakentrin” and "metaken- 
trin'': thylakentrin referring to the FSH and metakentrin to the LH. 61 

The luteinizing hormone is therefore identified with three names in 
the literature: LH, which was the name originally given to the hormone, 
ICSH. and metakentrin. 




THE LACTOGENIC HORMONE AND MAMMOGEN* 

By Abraham White 

From the Department of Physiological Chemistry , 

Yale University School of Medicine , New Haven, Connecticut 

Section I: The Lactogenic Hormone 

INTRODUCTION 

The first experimental evidence for the presence of a hormone or hor¬ 
mones in the anterior pituitary body which are essential for the initiation 
and maintenance of lactation was presented by Strieker and Grtiter 1 
in 1928. The existence of a specific, anterior lobe, lactogenic hormone 
is generally accepted at the present time. Various names have been 
proposed for this hormone: prolactin (Riddle;, galactin (Turner), and 
mammotropin (Lyons). It appears that prolactin has been most widely 
used. It is not intended in the present discussion to consider whether 
or not prolactin is the lactogenic hormone; the term prolactin will be 
employed to designate a lactogenic hormone of the anterior pituitary. 
The ability of this substance to initiate, in a variety of species, lactation 
in glands presumably possessing a certain amount of alveolar develop¬ 
ment has been established by numerous investigators. 2 ” 4 

The fact that prolactin was the first anterior pituitary hormone to be 
obtained in a highly purified state and as an apparently homogeneous 
preparation resulted in a considerable accumulation of physical-chemical 
and chemical data for this hormone. In order to permit adequate dis¬ 
cussion of this material, the physiological aspects of prolactin will not be 
detailed. It may be added that the physiologists have far outstripped 
the chemists in the rate of production of new facts regarding the anterior 
pituitary hormones. Consequently, there have been exhaustive treat¬ 
ments of the physiology of prolactin, 2 ” 5 and repetition of this material 
at the present time would contribute little to this symposium. The 
methods of assay and preparation of prolactin will be only mentioned, 
and detailed descriptions of experimental procedures by which other 
data were obtained will be left for presentation elsewhere. 

* Some of the data presented in this publication were obtained in investigations aided by grants to the 
author from the Committee on Therapeutic Research, Council on Pharmacy and Chemistry, American 
Medical Association* and from the Fluid Research Fund of the Yale University School of Medicine. 

1 Strieker, P., & Griiter, 7. Comp. rend. Soc. Biol. 99; 1978. 1028. 

3 Nelson, W. O. Physiol. Rev. 16: 488. 1936. 

3 Turner, C. W. In Sex and Internal Secretions, 1 " 2nd edit., E. Allen, Ed. Williams and Wilkins 
Co. Baltimore. 1989. jp. 740. 

4 Policy, S. J. Biol. Rev. IS: 421. 1940. 

3 Biddle, O., 6 Bates, B. W. In **Sex and Internal Secretions,” 2nd. edit., E. Allen, Ed. Williams 
and Wilkins Co. Baltimore. 1989. p. 1088. 
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It i- desired to acknowledge gratefully the stimulating collaboration 
an l support given this work by Professor C. X. H. Long. Dr. R. W. 
Bornme- contributed to certain of the data obtained for purified prolactin, 
T\hieh are to be <li*cus-ed. Dr. H. R. Catchpole conducted some of the 
early bio-a^ay- and Mi^ Hilda B. Ritter subsequently collaborated in 
the many bio-a^ays which have been done in the course of this work. 
Studies on the concentration and isolation from natural sources of sub¬ 
stances which may occur in lelativelv small amounts are greatly facil¬ 
itated by the cooperative efforts of a number of individuals. This is 
paiticularly emphasized when progress must be evaluated by biological 
assays which are often laborious. 

METHODS OF ASSAY OF PROLACTIN 

The methods generally employed for the assay of prolactin may be 
clarified into two groups: (1) crop-sac or crop-gland methods, and (2) 
lactation or mammary gland methods. These methods have been dis¬ 
cussed in detail by Bates, b Riddle and Bates, 5 and Lyons. 7 * 1 The two 
laboratories represented by these workers, and that of the National In¬ 
stitute for Research in Dairying at Reading, England, as exemplified 
in the investigations of Folley and ooworkers,* have examined in great 
detail factors influencing the assay of prolactin. These descriptions, 
together with the availability of an International Standard of an accepted 
umtage makes possible the highly desirable comparison of products ob¬ 
tained by various? investigators. 

Prolactin activities in the work to be described have been determined 
by tw’o methods: 'a* the 2-day “local 1 ' assay, and (b) the 4-day systemic 
test. 7 It has been observed that the systemic method has given more 
reproducible and consistent results, and this technique has therefore been 
generally employed. Six-weeks-old pigeons of a single strain (White 
Cameaui and from a single source (Palmetto Pigeon Plant, Sumter, 
South Carolina > have been used. Comparisons have been made with 
the International Standard, kindly supplied by Dr. A. S. Parkes. with 
an accepted activity of 10 International Units per mg. It may be men¬ 
tioned that, in agreement with the recent publication of Lyons, 7b it has 
been found that the activity claimed for the International Standard is 
approximately three times too high. Our preparations w^ere initially 
evaluated in terms of absolute activity and the impression therefore 
arose that certain amorphous prolactin preparations were approximately 

* Bates, K. W. Cold bpring Harbor Symposia on Quantitatue Biolog} 5: 91. 1937. 

"*Lyons, W. B. Cold Spline Harbor S.\ mposia on Quantitative Biology 5: 198. 1937. 

~b Lyons, W. H Endocrinology Mt 161. 1941. 

s Folia;?* S. J., Dyer, F. J., & Coward, X. H. Jour. Endocrinology 2: 179. 1940. 
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two to three times as active as the products we obtained. It is of course 
necessary and desirable, for purposes of comparison with other investi¬ 
gators, to accept the value of 10 International Units per mg. for the 
International Standard in evaluating the activity of unknown products. 
This has been done in obtaining bio-assay data presented here. 

PREPARATION OF PROLACTIN 

Extracts highly active in prolactin may be prepared from either fresh 
or acetone-desiccated pituitary glands by acid or alkaline extraction, 
with aqueous or aqueous-organic solvents. Bergman and Turner 9 
compared 4 frequently employed methods of extraction of the lactogenic 
hormone and found the alkaline 60 to 70 per cent ethanol extraction 
procedure to be superior for both total yield and unitage per mg. of 
extracted solids. Though it is true that an alkaline extraction procedure 
is efficient in removing a very considerable proportion of the prolactin 
present in pituitary tissue, alkaline solvents also effect solution of rela¬ 
tively large amounts of extraneous tissue proteins. For this reason, 
the acid-acetone technique of Lyons 10 has been employed in the investi¬ 
gations in our laboratory. This excellent method is relatively simple 
and gives a product from which a highly purified preparation of pro¬ 
lactin may be obtained. The chief attribute of Lyons’ method is the 
fact that the crude prolactin obtained is quite free from other pituitary 
proteins, the chief contaminant being one other pituitary hormone of 
considerable interest, namely, the adrenotropic factor. 

One kg. of wffiole beef pituitary glands is extracted as described by 
Lyons. 7 ®* 10 The acetone concentration of the acid-acetone extract 
obtained is increased to 92 per cent and the mixture allowed to stand 
overnight in the icebox. The precipitate is separated by centrifuging. 
Some purification is effected by extraction of the precipitate with 4-50 
ml. portions of water, separating the extract each time from a water- 
insoluble residue by centrifuging, combining the clear extracts and adding 
acetone to a concentration of 92 per cent. After being chilled overnight 
the precipitate is separated by centrifugation, w T ashed thoroughly with 
acetone and dried in vacuo over sulfuric acid at room temperature. 
Range of yields from 1 kg. of glands is 1.2 to 1.9 gm. 

Purification of Prolactin 

The product obtained as described contains a considerable quantity 
of protein winch exhibits a minimal solubility at pH 6.4 to 6.8. This is 

o Bergman, A. J., & Turner, C. W. Jour. Biol. Chem. 118: 247. 1957. 

i Q Lyons, W. E. Proc. Soc. Exp. Biol. Med. 3ft: 645. 1936-37. 
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the *o-called adrenotropic fraction. 10 A complete separation of the 
latter material from prolactin may be effected by solution of the crude 
product at approximately pH S.O, with the aid of 0.1 n sodium hydroxide, 
adjusting to pH 6.6 by the addition of 0.1 x hydrochloric acid, and re¬ 
moving the precipitate which forms. Prolactin is obtained from the 
supernatant bv lowering the pH to 5.4 by further addition of the dilute 
acid. The precipitate of prolactin is then redissolved in dilute alkaline 
solution a* before and any precipitate which separates above pH 6.0 is 
removed. By repeating this procedure several times, and gradually 
re lucing the volumes of the solutions employed, a very effective puri¬ 
fication of prolactin results. Better separations of adrentropic protein 
and prolactin, and somewhat larger yields of the latter have been ob¬ 
tained by the usp of ammonium sulfate together with adjustment of 
hydrogen ion concentration. Both the adrenotropic and prolactin 
fraction* have a significant degree of solubility at the hydrogen ion 
concentrations at which they exhibit maximum flocculation. The 
presence of salt diminishes loss of prolactin in supernatants, and at the 
same time increases the completeness of separation of the adrenotropic 
fraction. A flow sheet indicating the preparative procedure employed 
is shown in chart 1. 

CRYSTALLIZATION OF PROLACTIN 

Several years ago a preliminary communication from this laboratory 11 
reported that a crystalline protein had been obtained from a highly puri¬ 
fied prolactin product prepared by a procedure essentially that described 
by Lyon*. 7 ' 1 * The yield of crystalline material was small, due chiefly 
to denaturation of the protein which occurred during the crystallization 
procedure. This fact, together with subsequent observations that the 
original procedure described 11 ha* not been uniformly successful, has 
rather diminished emphasis on crystallization of the protein. This has 
been particularly true in view of the fact that, in the case of proteins, 
the crystalline state is not an adequate criterion of purity. Indeed, 
recrystallization of prolactin has frequently been accompanied by a 
decrease in biological potency and a diminished solubility of the protein. 
Similar observations have been made independently in the Schering 
Laboratories by Dr. Envin Schwenk and Dr. Gerhard Fleischer, who 
have informed the -writer that they have been successful in obtaining 
crystalline preparations of prolactin. 

Two methods have been employed for obtaining crystalline products, 

1 * White, A., Catchpole, S. & Lon g, C. X. H. Science 86: 89. 1887. 
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PREPARATION OF PRO„AGT,u 
l KG. BEEF PiTulTAR^ GLANDS 


S» e p 1, _=► Acid-acetone extraction (pn L5 

_1_ 

'estate 

l 

sud ernatar* 

discarded; 

♦ 

Step 2 —> Acetone to 92% co-cenTram" 

1 

1 

Step 3 —> residue 

I 

supernctan* 

'discardea) 

Extraction with water 

1 

1 

-es aue 

1 

solution 

discarded^ 

+ 

Step 4 

—> Acetone +o 92% concentration 

1 

1 

supernatant 

1 

precipitate 

(discarded) 

Crude prolactin* yield. 1.2 to 1 9 qrams 

♦ 

Step 5 —> Solution in aqueous alkali 

adjust to pH 6.6 'n presence 
of .05 saturat on with (NhUJzSO*. 
f 

r 

supernatant 

1 

precipitare 

Step 6 -> Adjust to pH 5 4 

(adrenotropic) 


Steps 5 and 6 repeated several times. 

Final pH 5.4 precipitate; 

dialyze free of salt - dry with acetone or lyophihze. 
Yield purified prolactin : 120 to 190 mgs. 

Chxrt 1 . Preparation of Prolactin. 


viz., (a) an acetic acid-pyridine procedure ^hich is essentially that des¬ 
cribed 12 for the crystallization of insulin, and (b) precipitation from 
dilute acetone solutions. Some variation in concentrations or acetic 
acid and pyridine, as compared to those prescribed for the insulin crystal¬ 
lization, has been used because clearer supernatants, from which crystals 
deposit, are obtained. Dr. Schwenk states that the crystallization 
method employed in the Schering Laboratories is essentially the tech- 

12 du Vigrneaud, V M Jensen, H., & Wintersteiner,O. Jour. Fharm. Exp. Ther.32; 367. 19£7-28. 

‘3 Abel, J J., Getting, E. M. X., Bouiller, C. A., Bell, F. X., & Wintersteiner, O* Jour. 
Pharm. Exp. Ther 81: 65. lfl£7. 
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nique published by Abel and his colleagues,with the modification of 
omitting brucine from the procedure. 

A few remarks may be made regarding the crystallization procedures: 

1 1 Either technique yields crystalline material which is essentially 
the same in microscopic appearance. The latter is most frequently that 
of small hexagonal crystals. Clearer definition of crystalline form has 
been obtained after longer periods of standing at low* temperatures, al¬ 
though this observation is not a consistent one. The preparations under 
the microscope frequently have the appearance of prismatic crystals, 
the edges of which are somewhat rounded. The crystals tend to dissolve 
slowly as the solution warms to room temperature. A photomicrograph 
of a preparation which had been permitted to deposit over a 2-month 
period at low temperature is shown in figure 1. 

(2) The yield of crystalline product is exceedingly small. In the case 
of the pyridine-acetic acid procedure the small yield may be attributed 
largely to the fact that purified prolactin appears rapidly to lose its solu¬ 
bility when subjected to repeated re-solutions in dilute acetic acid; this is 
necessary- to get some cf the protein into the pyridine-acetic acid mixture. 
The insoluble residue remaining after 10 reprecipitations of the protein, 
as is done in the crystallization method, amounts to 50 to 65 per cent of 
amorphous prolactin taken. Bio-assay of this insoluble residue indicates 
that a loss of 50 to 80 per cent of the physiological potency generally 



Figtbk 1 . Crystalline prolactin. X 900 diam. 
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accompanies loss in bolubility of prolactin occurring in this &tep of the 
crystallization procedure. The limited solubility of the prolactin unuei 
the conditions employed has contributed to the low yield of crystalline 
protein. 

3) Recrystallization has not been satisfactory because of apparent 
denaturation of the protein, associated frequently with a decrease in 
biological potency. Recrystallizations which have been successful have 
been carried out by the pyridine-acetic acid procedure. 

,4) The dilute acetone technique suffers also from the drawback of 
low yield of crystalline product. The procedure takes advantage of the 
fact that prolactin exhibits a considerable degree of solubility when pre¬ 
cipitated from slightly alkaline solution by adjustment of the hydrogen 
ion concentration to the point of maximum flocculation. The protein 
remaining in solution may be precipitated from the supernatant fluid by 
the addition of acetone to a concentration of 80 per cent, followed by 
chilling of the solution. 

The prolactin activities of the various products are presented in table 
1. For purposes of comparison, two prolactin preparations from other 
laboratories have been carefully assaj'ed. Each of these was prepared 
from sheep pituitary glands; one was kindly furnished by Dr. Schwenk 
and the other was obtained through the generosity of Dr. TV. R. Lyon* 
of the University of California. It will be seen from the data in table 1 
that several preparations of purified prolactin, prepared in three different 
laboratories, have a biological activity which, within the limits of error 
of the assay method, may be considered identical. 


Table 1 

Prolactin Activity of Various Preparations 


Preparation 

International 

Units 


per mg. 


10-15 
30-35 
30-35 

30 

30-35 

30-40 
30 

" Obtained from Dr. Schwenk. 

** Obtained from Dr. Lyons. 


Crude prolactin 
Purified prolactin 
Crystalline prolactin 

(pyridine-acetic acid procedure) 
Crystalline prolactin 
{acetone procedure) 

Twice recrystallized prolactin 
(pyridine-acetic acid procedure) 
Purified prolactin* 

Purified prolactin** 
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HOMOGENEITY STUDIES 

The methods generally accepted as useful for examining the homo¬ 
geneity of proteins are (a; the Tiselius electrophoresis technique, (b f 
solubility studies, and (c) ultracentrifugal analysis. Each of these 
methods has been employed in the study of prolactin. .411 preparations 
have been obtained from beef pituitary glands. 

Electrophoresis in the Tiselius Apparatus 

The electrophoretic behavior of crystalline prolactin has been pre¬ 
viously reported from this laboratory. 14 Since the initial publication, 
the apparatus has been equipped with the schlieren scanning device of 
Longsworth. 13 Figure 2 shows scanning patterns obtained in a typical 
experiment with a crystalline prolactin preparation (35 I.U., mg.). The 
protein boundary migrated in a manner characteristic of a homogeneous 
protein. Similar homogeneity was observed in an electrophoresis ex¬ 
periment conducted at pH 3.90 (acetate buffer; ionic strength 0.05). 




FiGrBfi 4. Electrophoretic patterns of the descending boundary in an experiment with crystalline 
prolactin. Protein concentration, 4 per cent; buffer, 0.017m phosphate {pH 8.0 1 ; ionic strength, 0.1; 
temperature, 6 C. Photographs, from left to right, at zero time and after 4 hours. 


The homogeneity and mobility of highly purified prolactin prepara¬ 
tions from both beef and sheep pituitary glands have been studied in 
some detail by Li, Lyons, and Evans. 16 These investigators have demon- 


it Al> SJ ern ,» &i White, A. Jour. Exp. Med. 69: 785. 1989. 

Loxigswmrth, L. G. Jour. Am. Chem. Soc. 61: 549. 1939. 

!!f ¥> °\ H ‘» ftronrn, W. & Ivans, H. H. Jour. Gen. Physiol. 23: 488. 1940. 
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crated that the lactogenic products prepared from the>e two different 
species are homogeneous and indistinguishable in their electrophoretic 
behavior. 

Solubility Studies 

Solubility studies supporting the conclusion that their highly purified, 
amorphous prolactin is homogeneous have been published by Li, Lyon>. 
and Evans 17 who reported that although both sheep and beef prolactin 
preparations behaved as pure substances, they exhibited differences in 
solubility, thus indicating a species specificity. Crystalline prolactin 
with a physiological activity of 30 to 35 International Units per mg. has 
l>een studied in 3 series of solubility experiments, each with a different 
solvent: (at 0.12m XaCl in O.Olx HC1, (b) 0.33m XaCl in O.Olx HCi, 
and (c) redistilled water. The pH values of these solutions were deter¬ 
mined at 23° C. with the glass electrode and found to be 2.05, 2.0. and 
(5,92, respectively. 

Approximately 500 mg. of protein w T ere employed for each solubility 
rtudy. The protein was precipitated at pH 5.5 and washed with suc¬ 
cessive portions of each solvent until 2 successive solubilities were the 
same. The precipitate was then broken into a fine suspension and vary¬ 
ing quantities distributed among tubes filled with the solvent. The 
tubes were rotated for 48 hours at 23° C., filtered and the filtrate analyzed 
for nitrogen by the Kjeldahl micro-procedure. The results of the solu¬ 
bility studies are shown in figure 3. It will be seen that the solubility 
is independent of the amount of the saturating solid, from the first ap¬ 
pearance of a solid phase. Xo solid phase appeared until the break in 
each of the curves in figure 3, i.e., before the slope became zero. Bio- 
assavs of the soluble and insoluble material did not show any physi¬ 
ological differences. 

Sedimentation 

A 2 per cent solution of crystalline prolactin at pH 8.0 was made by 
dissolving the protein with the aid of 0.1 n sodium hydroxide and ad¬ 
justing with O.lx hydrochloric acid. This solution was examined in an 
analytical air-driven ultracentrifuge 1 * arranged for optical study in the 
visible region by the Toepler sehlieren method, as developed for the 
ultracentrifuge by Philpot. 19 The initial protein peak present at the 
start of the experiment sedimented at a uniform rate. A comparable run 
with highly purified, amorphous prolactin gave a similar diagram. In 
figure 4 are reproduced the photographs obtained in a run with a erys- 

* 7 Li, O. H., Lyons, W. & Brans, H. M. lour. Gen. Physiol. M: SOS. 1941. 

1* Beams, J. W., Links, F. W., & Sommer, P. Rev. Sei. Xnstr. 9: 448. 1938. 

19 Philpot, J. S. L. Nature Ml: 28S. 19S8. 
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Fiulbl 3. Solubility curves of crystalline prolactin in various solvents. Upper curve, solvent: 
0.12 m NhCI solution in 0.01m HC1, pH 2.05. Middle curve, solvent: O.SSm NaCl solution in 0.01 m 
HC 1, pH 2.0. Lower curve, solvent: redistilled water, pH 6.92. All measurements at 23° C. 


talline preparation. The average value of the sedimentation constant, 
s 2 o, found for prolaction in several runs was approximately 2.8 S. If the 
prolactin molecule is tentatively assumed to be spherical, the sedimen¬ 
tation constant obtained indicates an approximate molecular weight 20 
of the order of 35,000 for this protein hormone. 

A highly purified, amorphous prolactin preparation $5 I.U./mg.) was 
sent to the laboratory of Professor J. W. Williams at the University of 
Wisconsin for examination in the Svedberg oil-driven ultracentrifuge. 
Several sedimentation and diffusion experiments have been completed. 

Svedberg, T., & Pedersen, X. O. "The Ultraeentrifuge.” Clarendon Press. Oxford. 1940. 
p. 406. 


FxcrsE 4. Sedimentation of crystalline prolactin. Photographs by Philpot schlieren method at 
0, SO, 60, 00 and 120 min. intervals, reading from left to right. 45,000 r.p.m. (142,000 x g.\ 
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Professor Williams has written the following in a personal commuiiica- 
tion, “We have been able to finish a few sedimentation and diffu-ion 
experiments with vour prolactin* The results we find are: \ = 2.05 
Dso = 7.5 X 10“ 7 , anrl M = 32,000. I am inclined to think *hat the 
molecular weight value will eventually turn out to be a little larger than 
the figure we give. On sedimentation and diffusion the prolactin gave 
curves very much like those that one would expect when working with a 
simple homogeneous substance.” 

Li. Lyons, and Evans 16 ® have recently determined the molecular weight 
of prolactin by osmotic pressure measurements and have aL-o calculated 
the probable molecular weight on the basis of the cystine, arginine, 
tyrosine, tryptophane, and sulfur contents of the hormone. From these 
data the molecular weight of the lactogenic hormone was estimated to 
be approximately 25,000. It would appear evident on the basis of other 
information now available that this value is considerably too low. 

The preliminary data obtained by Professor Williams and hi- col¬ 
leagues will be extended when circumstances permit resumption of this 
work. It seems advisable to obtain as accurate physical-chemical con¬ 
stants as possible for any highly purified protein, and the physiological 
interest in prolactin adds importance to data obtained in a laboratory 
experienced in determining these constants. Grateful acknowledg¬ 
ment is made to Professor Williams and his colleagues for these pre¬ 
liminary figures. 


ULTRAVIOLET ABSORPTION SPECTRUM 

The ultraviolet absorption bpectrum of prolactin has been measured 
by Dr. G. I. Lavin, of The Rockefeller Institute for Medical Re.-earch. 2: 
In figure 5 are reproduced the absorption spectrum curve.- of crystalline 
prolactin and of a highly purified amorphous preparation. All the so¬ 
lutions were photographed at room temperature in aqueous medium at 
pH 7.4. The absorption curves were measured with the aid of a Spekker 
spectrophotometer and a small Hilger quartz ?>pectrograph, with a 
Tungsten steel spark as the light source. 

The absorption curves obtained are typical of Those found for a num¬ 
ber of proteins, particularly those from animal tissue. The broad band 
with the ma ximum at about 2800 A is to be attributed to the combined 
absorption of the amino acids, tryptophane, tyrosine, and phenylalanine, 
all of which have been demonstrated to be constituents of prolactin. 


• 1 White, A., & Lavin, G. I. .1 Four. Biol. Chew. 182: 717. 1940. 
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Figcbx- 5. Absorption curves* of solutions of prolactiu. Curve t P represents crystalline prolactin; 
curve P was obtained with highly purified amorphous prolactin. pH 7.4. a (extinction coefrcient 
a m 1 cllog la 'I, c -* concentration (2.5 mg. per cc. in the case of curve P; 1.6 mg. per cc. in the case 
of curve CP, l = cell thickness in cm. ‘1 cm. t, /„ ** initial intensity of light, / = intensity after passing 
through thickness 1. 


ISOELECTRIC POINT OF PROLACTIN 

The isoelectric point of prolactin has been determined in two labora¬ 
tories from mobility studies in the Tiselius apparatus. Values of pH 
5.6, u pH 5.70, l6j and pH 5.73 16i> have been reported. In view of the fact 
that the published values for the isoelectric point of prolactin have been 
based upon mobility studies in the Tiselius apparatus, it has seemed of 
interest to conduct a determination of the isoelectric point by the tech¬ 
nique developed by Abramson and his colleagues. 2 - This method is als< t 
an electrophoretic one. based upon direct measurement of the electrical 
mobility of microscopically visible quartz particles coated with an ad¬ 
sorbed layer of protein. The data obtained are plotted in figure 6. It 

- 3 Abramson, H. A. “Eleetrokmctic Phenomena in Biology and Medicine.’* Chemical Catalog 
Co., Inc. New York. 1954. 
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pH 

FrGCBt 0. Theelectric mobility of quartz particles covered with prolactin in acetate and phosphate 
buffer* of constant ionic strength (0.1 j. The isoelectric point is between pH 5.65 and pH 5.70. 


will be seen that the isoelectric point of prolactin appears to be at pH 5.65, 
a value which is in good agreement with the previously published iso¬ 
electric point values obtained in the Tiselius apparatus. 

ELEMENTARY ANALYSIS AND QUALITATIVE REACTIONS 

Several preparations of crystalline and of highly purified, amorphous 
prolactin have been subjected to elemental microanalysis. These 
analyses have been conducted at intervals over the course of several years 
by Hr. J. F. Alicino on different preparations in order to check the con¬ 
stancy" of composition and of analytical technique. The nitrogen values 
obtained by- Mr. Alicino by means of the Dumas method have in all cases 
been checked in our laboratory by the Kjeldahl micro-procedure. In 
addition, a preparation of highly purified, amorphous prolactin obtained 
from Dr. Schwenk has also been quantitatively examined for its elemental 
composition. The data obtained are presented in table 2, together 
with data obtained by Dr. Lyons and kindly provided bv the latter inves¬ 
tigator in a private communication. It will be seen that the elementary 
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composition of the prolactin preparations differs particularly in respect 
to its nitrogen content from the data reported several years ago. 11 The 
rather good analytical agreement among various preparations, taken 
together with the results of the bio-assays and certain unpublished 
physical-chemical and physiological results indicate that the prolactin 
products prepared in three different laboratories are probably the same 
protein. 

Table 2 


Elementary Composition op Vabiotjs Prolactin Preparations 


Preparation 

C 

H 

X 

S 

Ash 


per cent 

per cent 

per cent 

per cent 

per cent 

Puiified prolactin 4 ' 

52.04 

7.01 

16.84 

2.05 

0.59 

Crystalline prolactin" 1. 

Prolactin (Schwenkr 

51.81 

6.81 

16.49 

2.03 

0.50 

51.10 

7.00 

16.61 

1.98 

0.72 

Prolactin Lyons/'' 

White, Catchpole and Long 11 ' 

Li, Lyons ana Evans 16t 

51.40 

7.01 

16.09 

2.24 

negligible 

51.11 

6.76 

14.38 

1.77 

1.79 


* Each of the analytical values for these preparations represents the at erage of two determinations. 
All t alues in the table are calculated on an ash- and moisture-free basis. 

* m Personal communication from Dr. L^ons. 


The crystalline and the purified products give the usual protein color 
tests 'biuret, xanthoproteic, Millon’s, Hopkins-Cole). The labile sulfur 
test is positive. Qualitative tests for phosphorus and for carbohydrate 
are negative. The nitroprusside test is negative. After reduction of a 
1 per cent solution of prolactin with an equal volume of 5 per cent sodium 
cyanide, a weak but definitely positive nitroprusside reaction is obtained 
provided that cyanide reduction is permitted to proceed for approxi¬ 
mately 2 hours at room temperature. Under comparable conditions, 
insulin was found to give a strongly positive sulfhydryl test within 5 
minute* after the addition of the cyanide. 


TYROSINE, TRYPTOPHANE, AND CYSTINE CONTENT OF 

PROLACTIN 


Both crystalline and highly purified, amorphous prolactin preparations 
obtained from whole beef pituitary glands have been analyzed for tvro- 
bine and tryptophane by the micro-method of Folin and Marenzi. 23 
Cystine was determined by the method of Sullivan and Hess, 24 on an 
hydrolysate prepared by the HCl-formic acid procedure. 25 The results 
of these analyses are shown in table 3 which, for comparison, also con¬ 
tains some analytical data from the literature. 


*’ 3 Folin, O., & Marenzi, A. 1). Jour. Biol. Chem. 83: 89. 19*9. 

W.C. Pub. Health Bop. U.S.P.H.S. suppl. 86: 
-‘'Miller, G. L., & du Vigneaud, V. Jour. Biol. Chem. 118: 101. 1937. 


1930. 
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It will be seen that the values obtained for the tyrosine, tryptophane 
and cystine content of prolactin are in good agreement for the 2 prepara¬ 
tions employed. The tyrosine value found confiims that reported for 
beef prolactin by Li, Lyons, and Evans. 16c 26 The tryptophane value 
obtained for prolactin is essentially the same (1.31 per cent * as that re¬ 
ported by Li, Lyons, and Evans, 26 who employed Lugg s 27 modification 
of the method of Folin and Ciocalteu. 2 * More recently, however, these 
same workers have reinvestigated prolactin for its tryptophane content 
and report a value considerably higher (2.5 per cent) than that initially 
obtained. 26 The higher value is attributed to the fact that it was ob¬ 
tained by a glyoxylic acid method 29 which does not require hydrolysis of 
the protein, whereas the Lugg method originally employed for the de¬ 
termination of tryptophane involved an alkaline digestion which was 
believed to result in some destruction of the tryptophane. 


Table 3 

Tyrosine, Tryptophane, and Cystine Content op Beef Prolactin 


Preparation 

Tyrosine 

Tryptophane 

Cystine 

Purified amorphous prolactin 

Crystalline prolactin 

per cent 
f 5.64 

1 5.50 
/ 5.42 
\ 5.4S 

per cent 

1.30 

1.27 

1.34 

1.30 

per cent 
3.32 

3.41 

3.34 

Average* 

5.51 

1.30 

3.36 

Li, Lyons and Evans 26 

5.73 

1.31 


Li, Lyons and Evans 18c 
Fraenkel-Conrat 31 

5.7 

2.5 

3.0 


* 411 values calculated on an ash- and moisture-free basis. 


It is the opinion of the writer that Shaw and McFarlane, 29 who have 
studied the glyoxylic acid method in some detail, have not established 
that destruction of tryptophane occurs either under exactly the con¬ 
ditions of hydrolysis proposed by Folin and his colleagues 23 * 2 * or in the 
procedure of Lugg. 27 Shaw and McFarlane have examined the effect 
of alkali and pressure on the stability of tryptophane in alkaline protein 
hydrolysates, but these are not the same hydrolytic conditions used in 
the Folin and Lugg procedures. Moreover, the glyoxylic acid method 
yields a tryptophane value for casein which is slightly lower than that 



1940. 


Chem. 132: 387. 1040. 


1938; Jour. Biol. 
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obtained by Folin and his colleagues, notwithstanding the fact that the 
latter investigators employed alkaline hydrolysis of the protein. 

According to Lugg, tryptophane estimations require correction for 

3 per cent loss if stannite has been included in the alkaline hydrolysis, 
or 6 per cent when alkali alone has been used. Brand and Kassell, 30 in 
a careful and thorough study of the photometric determination of trypto¬ 
phane, tyrosine, diiodotyrosine and thyroxine, based on the procedure 
developed by Lugg from the Folin-Ciocalteu method, have suggested 
that no correction factor is required for the tryptophane content of alka¬ 
line hydrolysates of proteins. In view of these above observations, the 
lower tryptophane values uniformly found in hydrolyzed as contrasted 
to unhydrolyzed proteins can hardly be attributed to the destruction 
of this amino acid during alkaline hydrolysis of the protein. Rather, 
the disagreement appears to be based on the type of material to which 
colorimetric procedures are applied. 

The cystine value found for prolactin is slightly higher than that re¬ 
cently reported by Fraenkel-Conrat. 3l A cystine content of 3.36 per cent 
accounts for approximately 45 per cent of the total sulfur of prolactin. 

EFFECT OF pH AND HEAT ON PROLACTIN ACTIVITY 

Prolactin has been reported 5 to be relatively thermostable when heated 
in a boiling water bath for 1 hour at pH 7.0 to 8.0, but less stable at other 
pH ranges. It is of course evident that many factors may influence the 
stability of protein hormones, e.g., the purity of the product and thus 
the presence of extraneous proteins which may increase the resistance 
of the hormone to labilizing agents. In addition, protein and salt con¬ 
centrations and the pH of the solutions examined may have a profound 
influence on the stability of a biocatalytically active protein. 

Solutions containing 0.04 per cent of highly purified, amorphous pro¬ 
lactin (30 I.U. mg.) were heated in a boiling water bath for 15 and 30 
minute periods at pH values from 1 to 13. The desired pH values were 
obtained with 0.01 x HC1 and 0.01 n NaOH in suitable proportions. At 
the end of the heating period, each sample was cooled immediately to 
room temperature, neutralized to approximately pH 7.0, made to a 
suitahle volume and bio-assayed by the “local” intradermal method at 
a total protein level of 1, 10, and 100 jug. The results are shown in table 

4 and graphically presented in figtjbe 7. Even though the minimum 
effective dose has not been determined in these bio-assays, it is evident 
from the data that under the conditions employed prolactin is quite 

jo Brand, E., ft Kassell, B. Jour. Biol. Cbem. 131: 489, 1939, 

31 Vraenkel-Conrat, H. Jour. Biol. Chem. 143:119. 1943. 
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T\bll 4 

Effect of pH and Hevt on Prola< tin A< mm 


-' 



Total dose injected 


pH 

Period of 


for bio-a««ay 


heating, 






1 

10 

100 


min. 





flo 

4- 

+ 

— 

1 

\30 

0 

4- 


3 

; is 

4 

4 

— 

1 30 

0 

0 

— 

*7 . 

;io 
\ 30 

4 

-r 

-U 


0 

0 


9 

/ 15 

4 

4 


\ 30 

0 

0 


11 

r 15 

\ 30 

0 

0 

4 

0 

4- 

13 

" 15 
\ 30 

0 

0 

0 

0 

4 

0 

* -4- — positive response—active; 0 = 

negative response — inactive. 




MINIMAL EFFECTIVE DOSE^g) 


Pigcbe 7. Effect of pH and heat on prolactin activity. 
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stable to heat in 0.04 per cent solutions of pH 1 to 9 when the heating 
is carried out for 15 minutes in a boiling water bath. At higher pH 
values there is a considerable loss of biological potency. With a 30 min¬ 
ute period of heating, there is a definite destruction of prolactin activity 
at all pH values, the effect again appealing to be most marked at pH 13. 
It appears, therefore, that prolactin may be classed as a heat-labile sub¬ 
stance; this is in harmony with the protein nature of the hormone. The 
destruction of the hormone observed in the present experiments might 
find explanation in the splitting of labile sulfur from the hormone and in 
a significant degree of hydrolysis of the protein. 

HYDROLYSIS OF PROLACTIN 
Hydrolysis by Acid 

Prolactin boiled for 18 hours with 20 per cent hydrochloric acid pro¬ 
duces a hydrolysate which, after filtration and neutralization, gives no 
evidence of biological activity even though assays are conducted at a 
dose level approximately 400 times (based on the original protein con¬ 
centration) that required to produce a positive response by the unhy¬ 
drolyzed prolactin. 

Digestion by Pepsin and by Trypsin 

The prolactin used in the digestion experiments was active intrader- 
mally at a dose level of 0.5 y. g. For the pepsin study, a 1:10,000 granular 
pepsin of the Wilson Laboratories was used. Digestion was conducted 
in O.In HC1 at 37° C. The ratio of enzmye to prolactin was 1 : 250. 
After mixing the enzyme and prolactin solutions, samples were taken 
immediately and at 1, 2, and 3 hours of digestion time. Peptic action 
was stopped by making the samples slightly alkaline (pH 7.5) with O.In 
N aOH and permitting 15 minutes to elapse. 

In the trypsin experiments, a commercial trypsin preparation (Fair- 
child) was employed. Digestion w r as studied at pH 7.8 in phosphate 
buffer. The ratio of trypsin to prolactin was 1:50. Samples were taken 
at zero time, and at } 2 , 1. 2 and 3)-2 hour periods. In order to stop 
further tryptic action in the samples taken for analysis, each was im¬ 
mersed in a boiling water bath for 1 minute, cooled rapidly and diluted 
to a convenient volume for assay. Bio-assays were conducted by the 
intradermal technique. The rate of protein digestion was followed as 
described by Northrop, 83 analyses being made for nonprotein nitrogen 

32 Northrop, J. H. “Crystalline Enzymes; the Chemistry of Pepsin, Trypsin, and Bacteriophage.** 
Columbia Lmv. Press. New York. 1939. 
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in filtrates obtained after precipitation of each 0,5 ml. ^ampi^ with an 
equal volume of 10 per cent trichloroacetic acid. 

The rate of hydrolysis of prolactin by pepsin and by trypsin is shown 
in figttre 8, and the results of the bio-assays are presented in tabled 



5 and 6. It will be seen that in the case of digestion with either pepsin 
or trypsin, approximately half of the original protein nitrogen is no longer 
precipitable by trichloroacetic acid after a 3-hour period of digestion. 
However, even though at the end of a 2-hour period there still remained 
in solution as much as 50 to 60 per cent of nitrogen which could be pre¬ 
cipitated by trichloroacetic acid, the bio-assays show that this material 
was biologically inactive, even when given at dose levels from 100 to 120 
times the amount necessary to elicit a positive prolactin response with 
the original prolactin preparation. In other words, under the conditions 
of these enzyme studies, destruction of physiological activity occurs 
before there has been a hydrolysis of the protein into fragments which 
are no longer precipitable by trichloroacetic acid. 
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Table 5 

R vie i)i Digestion of Prolactin by Pepsin as Correlated with Alteration 
in Biological Activity of the Hormone 

' Per cent of original protein digested ] Bio-ass&v. 

Time * non-preeipitated by 10 per cent j* Total dose level 
v trichloroacetic acid solution) J /ig.f 


i fP. 


0 

0 

1 * 

10 * 

100 s 

1 

29 

0.7 

7* 

70 s 

2 

40 

0.6 

6 

60 

3 

48 

0.5 

5 

50 


h All dosaaes, with the exception of those at 0 time, were calculated from nitrogen analysis. 

* Acin*», positive prolactin response. All other assays were negative at the dose levels indicated. 


Table 6 

R vte of Digestion of Prolvctin by Trypsin as Correlvted with Alterations 
in Biological Activity of the Hormone 


' Per cent of original protein digested 'j Bio-assay. 

Time * f non-precipitated by 10 per cent ,* Total dose level 
% trichloroacetic acid solution) J /xg.f 


krs. 


0 

0 

1 * 

10 * 

100 * 

0.5 

15 

0 .8* 

8 * 

80* 

1.0 

30 

0.7* 

7* 

70* 

2.0 

47 

0.5 

5 

50 

3.o 

49 

0.5 

5 

50 


t All dosages, with the exception of those at 0 time, were calculated from nitrogen analysis. 

* Active, ue., positive prolactin response. All other assays were negative at the dose levels indicated. 


The data obtained in the study of the enzymatic digestion of prolactin 
are similar to those of Fisher and Scott 38 on the peptic hydrolysis of 
insulin. These investigators observed that insulin activity was rapidly 
destroyed by pepsin and, indeed, the hypoglycemic potency decreased 
more rapidly than the rate of hydrolysis of the protein. 

OTHER TYPES OF INACTIVATION 

The preparation of a highly purified, biocatalytically active protein 
is generally soon followed by efforts to determine whether particular 
groups or groupings in the protein molecule are essential for the activity 
which it manifests. It Is to be hoped that studies of this type will, to 
some extent by themselves, and perhaps even more when correlated with 
similar experiments on other proteins, begin to lead to some understand¬ 
ing regarding the fundamental underlying mechanism of imparting to a 
particular protein a certain type of catalytic activity. The mechanism 
of action of certain proteins which do not contain the usually well recog- 


3 * Fisher, A. M., & Scott, D. A. Jour, Biol. Chem. 106: €80. 1934. 
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nized prosthetic groups is one of the important unsolved problems oi 
protein chemistry. 

Inactivation with Ketene 

The necessity of primary amino groups for the specific activity of the 
lactogenic hormone has been examined by investigators in the laboratory 
of Evans in California. In a preliminary note, 34 the acetylation of pro¬ 
lactin with ketene at 20° C. for 5 minutes is claimed to result in a 100 per 
cent acetylation of the amino groups of the hormone, accompanied by a 
complete physiological inactivation. These data are shown in table 7 


Table 7 

Acetylation of Pbolactin by Kltenl 


Type of preparation 

Amino groups 
acetylated 

Dose 

Crop-sac reaction 


per cent 

mg. 


Untreated 

0 

1.0 

Pronounced 

Acetylated at 0° for 5 min. 

30 

1.0 

Negative to minimal 

Acetylated at 20° for 5 min. 

100 

1.0 

4.0 

Negative 

Negative 


and are taken from the communication of Li, Simpson and Evans. 04 It 
should be pointed out that in this study it has not been established that 
substitution of groups other than free amino groups has not occurred. 
This should be demonstrated for each protein studied, inasmuch as rate*? 
of substitution reactions with ketene for one protein are not necessarily 
valid for interpretation of data obtained in ketene experiments with 
other proteins. 

It is of interest to compare these data for prolactin with the behavior 
of other well defined, biologically active proteins w’hen treated with 
ketene. Whereas the practically complete acetylation of the free amino 
groups of pepsin, 33 insulin, 36 human chorionic gonadotropin 37 and, to a 
considerable degree, tobacco mosaic virus 38 by ketene does not diminish 
the biological activity of these proteins, diphtheria toxin, 39 the pituitary 
follicle cell-stimulating, interstitial-cell-stimulating 37 and lactogenic hor¬ 
mones, 34 and the gonadotropic hormone in pregnant mare serum 37 appear 
to require free amino groups for their activity. 


Li, C. H., Simpson, M. E. f & Evans, S. M. Science 90: 140. 1939. 
Harriott, E. M., & Northrop, J. H. Jour. Gen. PhyaioL 18: 85, 1984. 
Stem, K. CL, & White. A. Jour. Biol Chem. 182: 371. 1987-88. 

* 7 LI, G. H., Simpson, M. E., & Evans, H. M. Jour. Biol. Cbem. 131: 239. 

Miller, G. L., & Stanley, W. M. Jour. BioL Chem. 141: 905. 1941. 

■» 9 Pappenheimer, A. M., Jr. Jour. Biol. Cbem. 18S: 201. 1988. 
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Inactivation with Nitrous Acid 

Further evidence that the primary amino groups of the lactogenic 
hormone are essential for its specific activity has been claimed from a 
study of its behavior toward nitrous acid. 40 Treatment of prolactin with 
nitrous acid for 30 minutes at zero degrees or at room temperature re¬ 
sulted in complete inactivation of the hormone. No evidence estab¬ 
lishing the mode of action of nitrous acid on prolactin is offered. The 
oxidizing action of the reagent must be considered in making interpre¬ 
tations of changes in biocatalytic activity after treatment with nitrous 
acid. 

Inactivation with Phenyl Isocyanate 

In a preliminary communication, Bottomley and Folley 41 reported the 
preparation of a phenyl ureido derivative of prolactin by treatment of 
the protein with phenyl isocyanate at 0° C. and pH 8.0. A loss of ap¬ 
proximately 87 per cent of the biological activit} r was observed. The 
data are taken as confirmation of the suggestion that the crop-stimula¬ 
ting activity of prolactin depends on the presence in the molecule of free 
amino groups. It would seem advisable, however, in experiments in¬ 
volving the treatment of proteins with phenyl isocyanate, to demon¬ 
strate clearly by analysis that this reagent reacts only with the free amino 
groups of the particular protein being studied. Miller and Stanley 3 " 
have recent!}' observed a marked reaction between phenyl isocyanate 
and the phenolic groups in the tobacco mosaic virus protein. The re¬ 
ported inactivation of both prolactin 41 and of insulin 42 by phenyl iso¬ 
cyanate is open to other interpretations, particularly in view of the work 
of Miller and Stanley, and the demonstration, by the use of ketene, that 
the amino groups of insulin are not essential for the hypoglycemic action 
of the latter protein. 36 

Inactivation with Iodine 

The reaction of iodine with lactogenic hormone has been studied in 
borne detail by Li, Lyons, and Evans. 43 Iodination in phosphate buffer 
(pH 7.0 ) at 20° C. for 1 hour resulted in an introduction of iodine into 
the phenolic residues of the tyrosine molecules of prolactin, and a com¬ 
plete inactivation of the hormone. 

Inactivation with Thiol Compounds 

Fraenkel-L'onrat, Simpson and Evans 44 have recently described retails 
obtained in a study of the effect of thiol compounds on the activity of the 

0 Li, C. H., Lyons, W. R., Simpson, M. 2., & Evans, B. M. Science 90: 376. 1939. 

1 Bottomley, A. O..A Folley, 5 . 2 . Nature 146: 304. 1939. 

3 Gaunt 'W. E., & Wormall, A., Biochem. Jour. 30: 1913. 1936. 

3 Li, C. H-, Lyons, W. R., A Evans, H. M. Jour. Biol. Chem. 139: 43. 1941. 

* Fraenkel-Conrat, H„ Simpson, M. £., & Evans, H. M. Jour. Biol. Chem. 142: 107. 194*. 
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lactogenic hormone. Treatment of a solution of prolactin with u 40- 
fold concentration of cysteine transforms the hormone into an insoluble 
protein which, when redissolved under conditions which prevent autoxi- 
dation, is as biologically active as the untreated hormone. "When u 
200-fold quantity of cysteine is employed to reduce prolactin, inactiva¬ 
tion occurs. Thioglyeolic acid is approximately 50 times more effective 
than cysteine in causing inactivation of the lactogenic hormone. 

COMMENT AND SUMMARY 

Prolactin is the first anterior pituitary hormone to have been isolated 
in pine form. The homogeneous nature of the preparations obtained ie 
indicated from Tiselius electrophoresis experiments, solubility studies, 
and ultracentrifugal analysis. All of the evidence available at the pre¬ 
sent time indicates the protein nature of the hormone; there is no indi¬ 
cation of the presence in the molecule of any of the common types of 
prosthetic groupings. 

The protein hormone has a molecular weight of approximately 32.000 
to 35,000 and an isoelectric point at pH 5.65. Some data for beef pro- 
laction are shown in table 8. Prolactin may be classified as a heat- 


Table 8 

Some Data foe Beef Pbolaoiin 


Physiological aetivity 

Carbon 

Hydrogen 

Nitrogen 

Sulfur 

Tyrosine 

Tryptophane 

Cystine 

S20 

Dao 

Molecular weight 
Isoelectric point 

Ultraviolet absorption maximum 


35 I. U. mg. 

51.50 per cent 

6.92 ” ” 

16.50 ” r 

2.00 ” ” 

5.7 ” " 

1.3 ” r 

3.4 M *’ 

2.7 S 

7.5 X 10-* 
32,000-35,000 
pH 5.65 
2S00 A 


labile protein. Furthermoi’e, reagents which produce even a mild degree 
of hydrolysis of the protein molecule cause a profound loss in the hor¬ 
monal activity. From studies directed toward an assay of the physi¬ 
ologically important functional groups in the prolactin molecule, it 
appears that substitution of the free amino groups or of the tyrosine 
phenolic groups of the protein results in a marked decline in, and usually 
a complete loss of, lactogenic potency. Reduction of prolactin with an 
excess of cysteine or of thioglyeolic acid also destroys biological activity. 
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The preparation of a pure hormone of the anterior pituitary gland will 
be of considerable aid in elucidating the complex physiology of this endo¬ 
crine gland, and the rate of progress in this direction will be greatly ac¬ 
celerated as each additional anterior pituitary secretion is made available 
in a purified and homogeneous state. It is naturally of great interest 
to determine whether the prolactin preparations now available exhibit 
any other type of physiological activity which has been attributed to 
anterior pituitary extracts. Preliminary studies of this type have been 
conducted; the results are indicated in table 9. 


Table 9 

Bio-asjsAys of Prolactin 


Assay 

Method 

Result 

< truwth 

Hypophyseetomized rat 

Negative 

Tin lotropie 

Day-old chick 

n 

Diabetogenic* 

Partially depancieatized rat 

»» 

Adrenotropic 

21 -day-old rat 

ii 

< tonadotropic 

21 -day-old mouse 

n 


It >lioiild be stressed that these are preliminary data and in each assay 
an amount of prolactin was administered which was approximately 100 
times the amount of the protein of a whole beef pituitary gland saline ex¬ 
tract i in teims of nitrogen times 6.25) which would yield a positive re¬ 
sponse in the test employed. These data are obviously not final. It is 
quite possible that similar tests at higher dose levels, or in other species, 
may indicate a multiple type of physiological activity for prolactin. The 
overlapping physiological behavior seen among the steroid hormones at 
high dose levels and under specially defined conditions of assay should be 
kept in mind. Indeed, data are already available indicating physiolog¬ 
ical activity for piolactin other than crop proliferation and initiation of 
lactation. Evans and hi& colleagues have recently reported evidence for 
two other types of physiological responses induced by this hormone. By 
means of the traumatic placentoma test in the rat, it has been demon¬ 
strated** 5 that lactogenic hormone stimulates the production of proges¬ 
terone by normally occurring or artificially induced lutein tissue. This 
interesting confirmation with purified prolaction of earlier suggestions 
that the lactogenic hormone is important in activation of the corpus 
luteum adds another example to the list of endocrine interrelationships. 
Equally striking is the recent claim from Evans’ laboratory 4 * that the 
lactogenic hormone increases the insulin content of the pancreas in nor- 


1? H. M., Simpson. M. E., ft Lyons, W. R. Proo. Soc. Exp. Biol. Med. 46: 586. 

tS5* 404° 194« 0Ollr,lt ' “ err * n S’ Sim P* on > M. & Evans, H. M. Am. Jour. 1 


1941. 
Phj siol 



WHITE: LACTOGEXIC HORMOXE AXD MAMMuGEa 3(55 

mal and in hypophysectomized rats. The data presented, however, do 
not appear significant when evaluated critically and require elaboration 
and confirmation by other investigators. This is particularly true in 
view of the fact that prolactin has also been reported to decrease pan¬ 
creatic insulin. 47 The exact effect of prolactin on the insulin content 
of the pancreas should be determined by the use of experimental con¬ 
ditions rigidly established by Best and his colleagues at the University 
of Toronto. 

These newer developments in the physiology of the lactogenic hor¬ 
mone, together with recent results* obtained in collaboration with Dr. 
W. U. Gardner and discussed in the next section of this paper, are further 
emphasis of the fact that the nature of the physiological response mani¬ 
fested by a particular endocrine product may often be determined by the 
type of test animal and the dosage employed. 


Section II: Mammogen 
INTRODUCTION 

The name, mammogen, was proposed in 1938 by Turner and his co¬ 
workers to describe the hormonal complex in the anterior pituitary which 
they believe is concerned with growth and development of the mammary 
gland. From experimental evidence at hand, the existence of two mam¬ 
mogen factors was postulated: one a duct growth factor, designated 
Mammogen I; and the other, named Mammogen II, believed to be 
responsible for completion of mammary development, causing growth 
of the mammary lobule-alveolar system. 


EVIDENCE FOR THE EXISTENCE OF MAMMOGEN 

The concept that the anterior pituitary gland exerts an important in¬ 
fluence on the growth and development of the mammary gland has been 
generally accepted since 1936, when Reece, Turner, and Hill 49 reported 
that the mammary glands of completely hypophysectomized rats did not 
respond to the administration of ovarian hormones; a role of the anterior 
pituitary in the process of proliferation of mammary gland tissue seemed 
clearly indicated. This was further substantiated by the effectiveness 
of hypophyseal replacement therapy in hypophysectomized animals. 
The administration of crude anterior pituitary extracts, either alone or 


•'rank, C., Chamelin, I. U., Wagreich, H., ft Harrow, B. Science 94: MO. 
*• Gardner, w. U„ ft white, A. ftoe. Soc. Exp. Biol. Med. 49: MO. mi. 

** Reece, R. P., Turner, 0. W., & Hill, B. T. Proc. Soc. Exp. Biol. Med. 34:304. 


1041. 

1030. 



366 


AX XA Li XEW YORK ACADEMY OF SCIEXCES 


with ovarian substance, to hypophysectomized animals of several species 
permitted normal growth and development of mammary glands. 

Without presenting a detailed survey of the publications dealing with 
the problem of the existence of a pituitary mammogenic hormone, the 
conclusion is warranted that crude anterior pituitary extracts exert a 
profound influence on mammary growth. 50 The first experiments re¬ 
vealing the lactogenic activity of hypophyseal extracts were inadequate 
for the demonstration of mammary growth. Later experiments sug¬ 
gested a proliferation of the mammary glands of immature ovariecto- 
mized animals receiving pituitary extracts. This growth occurs in 
ovariectomized, in male or in hypophysectomized mice, or in rats follow¬ 
ing implantation of hypophyseal tissue or injection of hypophyseal 
extracts. Some investigators have associated this mammogenic activity 
with the protein components of such extracts and others with the lipid- 
soluble material of pituitary tissue. 

Accepting the evidence that anterior pituitary gland tissue extracts 
contain a factor or factors which influence mammary development, and 
which have been termed mammogen by Turner and his colleagues, it is 
the purpose of the remainder of this discussion to consider three aspects 
of this problem: (1) the available information regarding the chemical 
nature of mammogen, (2) the relationship of mammogen to known hor¬ 
mones, and (3) the validity of the data supporting the mammogen hypo¬ 
thesis. Before passing to these topics, it may be of interest to mention 
briefly the methods devised for the assay of mammogen and mammary- 
stimulating materials. 

METHODS OF ASSAY OF MAMMOGEN AND MAMMARY 
STIMULATING MATERIALS 

In their studies of mammogen, Turner and his colleagues have em¬ 
ployed the mouse as the assay animal. The activity of the anterior 
pituitary duct-growth factor (Mammogen I) has been measured by its 
effect on the mammary duct system of male mice. The biological assay 
of the anterior pituitary lobule-alveolar growth factor (Mammogen II) 
has been conducted in castrate, 'virgin female mice given small amounts 
of estrone which appeal’s to enhance the activity of the pituitary lobule- 
alveolar growth factor. Other investigators have preferred to use hypo¬ 
physectomized animals in order to eliminate the influence of the test 
subject’s own pituitary and also to permit the evaluation of various 
extracts in terms of effectiveness as replacement therapy. 

50 Tumor, C.W. in "Sex and Internal Secretions/' Snd edit. E. Allen, Ed. Williams and Wilkins 
Co. Baltimore. 1939. p. 740. (.Complete review of literature on the mammary gland. ^ 
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CHEMICAL PROPERTIES OF MAMMOGEN 
Preparations Soluble in Lipid Solvents 

The first report of the full development of the mammaly gland* in 
experimental animals injected with anterior pituitary preparation* wa^ 
made in 1930 by Corner, 31 who employed an alkaline extract of *lieep 
anterior pituitary glands. He stated that ether extraction of thU 
aqueous solution appeared to remove the mammary growth-promoting 
activity. The ether-soluble fractions, however, exhibited variable 
physiological potency; the active principle was rapidly destroyed on 
heating for 1 hour at 90° C. and appeared to deteriorate rapidly on 
storage. 

The bulk of the evidence that the mammogenic factor* in the anterior 
pituitary are soluble in lipid solvents has been derived from the investi¬ 
gations of Turner and his colleagues. Following their development of 
a suitable assay technique for the duct growth component of mammogen, 
Lewis and Turner 62 studied the chemical characteristics of the factor and 
concluded that this hormone is soluble in lipid solvents and is distinct 
from other known pituitary hormones. The evidence on which, this 
conclusion was based may be briefly summarized (potency refer* to ac¬ 
tivity in promoting duct growth in the rudimentary mammary glands 
of young male mice): 

(1) Desiccation of fresh anterior pituitary lobe tissue from pregnant 
cattle with acetone and ether results in a 62 per cent loss of potency. 

(2) The extraction of acetone-dried pituitary glands by a procedure 
(60 per cent alcohol at pH 9.0 to 10.0) which removed most of the lac¬ 
togenic, thyrotropic, carbohydrate metabolism, and gonadotropic po¬ 
tency of fresh pituitary tissue 63 leaves an insoluble residue which is active. 
It should be pointed out, however, that precipitates prepared from the 
initial extracts by the addition of 3 volumes of 95 per cent alcohol at pH 
5.7 also showed, after drying with alcohol and ether, a definite but smaller 
degree of potency. 

(3) Residues obtained by evaporation of the 87 per cent alcohol so¬ 
lution used to precipitate the initial extract gave strongly positive results. 

(4) Similar experiments with fresh, anterior pituitary tissue also 
yielded alcoholic solutions, after precipitation of the protein hormones 
in the usual manner, which on evaporation at low temperature in vacuo 
left highly potent residues. However, direct extraction of ground an- 


«* Comer, G. W. Am. Jour. Phyaiol. M: 48. 1030. ^ A 

as Lewis, A. A.,* Turner, C. W. Mo. Agr. Exp. Sta. R«. Bull. No. 810. 1930. 

53 Berg man , A. J. s Houchin, O. B., A Turner, C. W. Endocrinology 34: u47. 1989. 
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terior pituitary tissue with several volumes of 95 per cent alcohol did not 
yield active products. 

\ 5; Extraction with several volumes of ether-alcohol mixture [1:3) 
at 50° C. was very efficient in removing mammogen. Removal of the 
solvent at reduced pressure yielded an active residue. The latter was 
fractionated by ether extraction at room temperature. The ether- 
soluble fraction is highly active; the ether-in&oluble material is inactive. 
The best product reported to the present time was obtained in this man¬ 
ner. This preparation gave a positive response in 11 of a group of 14 
mice at a dosage of 0.25 mg. per mouse. 

Evidence that two distinct mammogen factors are concerned with 
growth and development of the mammal y gland has also been reported 
by Turner and his colleagues. Fresh anterior pituitary tissue containing 
mammogen produced both duct development and lobule hyperplasia, 
whereas the lipid extracts caused only duct development. 52 ' 54 

There have as yet been little data available regarding the chemical 
nature of mammogen, other than the claim of solubility in lipid solvents 
at pH ranges in which pituitary protein hormones are precipitable. This 
behavior is said to differentiate mammogen from other known anterior 
pituitary hormones. Lewis and Turner 52 reported that mammogen is 
quite unstable to heat and possibly to oxidation. The heat lability of 
mammogen has been stressed as a property which distinguishes this 
hormone from estrogenic substances. The active lipid extracts deteri¬ 
orated rapidly if not kept at low’ temperatures. 

ANTERIOR PITUITARY PROTEIN HORMONES IN 
RELATION TO MAMMARY GROWTH 

Before discussing further the suggestions of Turner and his colleagues 
that the anterior pituitary secretes a hormonal complex, mammogen, 
which is distinct from other known anterior pituitary hormones, it may 
be advisable first to indicate the established roles of certain anterior 
pituitary" protein hormones in the growth of the mammary gland. Fur¬ 
thermore, experiments will be described in which growth and develop¬ 
ment of the mammary’ gland in hypophysectomized animals are produced 
with already known and highly purified hormonal preparations. In 
view of these observations, it may not be necessary to postulate a new’ 
anterior pituitary" complex, mammogen, as a regulatory factor required 
for mammary gland growth, and it then becomes permissible to re-eval- 
uate previous experimental results in the light of the newer data. 

The anterior pituitary hormones whose chemical nature has been 


** Mixner, J. P., Lewis, A. A., St Turner, C. W. Endocrinology 36: 888. 1940. 



WHITE: LACTOGENIC HORMONE AND MA3IM0&EN :J69 

studied in more or less detail appeal- to be proteins,. .Uthough a number 
of negative results have been reported in early investigation*, it i» now 
clearly established that crude aqueous extracts of anterior pituitary 
tissue contain a factor, or factors, which cause mammary gland devel¬ 
opment in a wide variety of different species, both in normal and in 
hypopliy&ectomized test animals. Although Corner 01 and later Turner 
and his colleagues 55 have, as already discussed, associated the pituitary 
factor with material soluble in lipid solvents, some investigators have 
also reported positive results with crude anterior pituitary protein frac¬ 
tions. The activity of these products is generally enhanced by the sim¬ 
ultaneous administration of estrogen, although the latter is not always 
essential when crude pituitary extracts are employed. Asdell and his 
colleagues 55 reported that extracts of anterior pituitary gland of the sheep 
prepared by extraction with sodium hydroxide were found to cause mam¬ 
mary' growth and secretion in the -virgin female ovariectomized rabbit. 
Acid extracts were without effect on mammary growth, but induced 
lactation in the dry parous ovariectomized rabbit. This action was due 
to the prolactin in the acid extract. These data were interpreted as 
suggesting that the mammary- growth and secretion effects are due to 
separate substances. 

Greep and Stavely, 56 in a recent effort to confirm the presence of a 
lipid-soluble mammogen in the pituitary- gland, assayed the warm 
(50° C.J alcohol-ether soluble material from both desiccated and fresh 
pituitary- glands. Whereas the desiccated and powdered pituitaries, 
injected in suspension in saline, produced unquestionable mammary- 
growth in doses equivalent to 50 mg. of fresh gland, the administration 
of lipid-soluble residues in doses equivalent to as much as 3200 mg. of 
fresh gland failed to induce mammary development. This was true of 
both type* of alcohol-ether extracts, i.c., whether made from desiccated 
pituitary tissue or from the fresh gland. On the other hand, Greep and 
Stavely reported marked duct growth in the test animals given the al¬ 
cohol-ether-insoluble tissue residue in doses equivalent to 200 mg. of 
fresh gland. 

The observations of Greep and Stavely that mammary growth factor 
is demonstrable in the protein fraction of pituitary tissue, and not evident 
in lipid extracts, make advisable a re-evaluation of the role which the 
known pituitary- hormones may play in mammary gland growth. Lyons 
and Catehpole’ 7 in 1933 stated that a mammary gland in a virgin female 

5« Asdell, S. A., Brooks, B. *., Salisbury, G. W., A SsldsoaMn, B. B. Cornell UnU. Agr. 
Exp. Sts. Mem. 198. 1938. 

*0 Greep, B. O., & Stavely, H. E. Endocrinology 39: 18. 1941. 

3 “ Lyons, W. B. y & Catehpole, H. &. Proc. Soc. Exp. Biol. Med. 31: 299* 1933. 
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rabbit, normally matured and then castrated, will respond by growth 
of ducts and alveoli and lactation to administration of pituitary lacto¬ 
genic extract. It is interesting to note, in view of later developments, 
that the^e investigators stated their belief that if significant am ounts of 
ovarian hormones remained in the body after castration, these hormones 
could act only by synergistic stimulation with the lactogenic hormone. 
In 1936, Lyons 5 * reiterated his view that lactogenic hormone could induce 
alveolar hyperplasia by demonstrating secretion and alveolar prolifera¬ 
tion following injection of prolactin into young male rabbits previously 
treated for a period of 3 weeks with daily injections of estrogen. In a 
footnote appearing in a recent publication of Evans, Simpson and 
Lyonc, 43 however, it is stated that as much as 10 mg. of purified lacto¬ 
genic hormone have been injected into both normal mature and hypo- 
phy^ectomized female rats without stimulating the proliferation of mam¬ 
mary lobules. Lyons and his colleagues 59 have corrected the observation 
in the above referred footnote and report that the injection of prolactin 
into young, normal female rats produces excellent m amm ary develop¬ 
ment. This mammary gland growth is attributed to the combined 
action of estrin and progestin. 

In 1937, Gomez and Turner 60 reported their inability to demonstrate 
the growth of the duct system of the mammary glands of completely 
hypophysectomized rats and guinea pigs treated with purified thyro¬ 
tropic, adrenotropic, or lactogenic hormones alone and in combination 
with estrogen and progesterone. Desiccated whole sheep pituitaries 
were also without effect under similar experimental conditions. In view 
of the recent demonstration by Greep and Stavely 56 that desiccated beef 
pituitaries produce definite mammary growth, and the observations of 
Gardner 61 that the mammary glands of hypophysectomized male mice 
showed development tvhen estrogen and progesterone were injected, the 
negative findings of Gomez and Turner with similar preparations make 
necessary a re-examination of the effects of individual pituitary protein 
hormones which have been reported to be without stimulative action on 
the mammary gland. 

Moreover, the striking demonstrations of the local action of estrogens 
on mammary development in a variety of species throw further doubt 
on the absolute necessity of the pituitary in the experimental develop¬ 
ment of the mammary glands and rather emphasize the observations on 
estrogen and progesterone, -which Gomez and Turner claimed were with- 


H W. E. Anat. Rec. 64: SI, buppl. 1936. 

II ^ & H. M. Proc. Soc. Exp. Biol. Med. 4S: 634. 1941. 

oi 4“®** C v, w - J*o. Agr. Exp. Sta. Res. Bull. No. *69, 19S7. 

Gardner, W. TT. Proc. Soc. Exp. Biol. Med. 46: 835. 1940. 
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out effect on mammary proliferation. For example. Gardner and Cham¬ 
berlin 62 in a recent study with male mice have reported that estrone in 
alcoholic solution when applied to one or more areas of the non-epilated 
skin produces growth of only those glands near the site of application of 
the estrone. Such experiments indicate that the response of the mam¬ 
mary tissue in vivo is directly stimulated through the action of estrogen. 
If the response of the glands to estrogen were necessarily mediated by a 
pituitary factor, all of the glands should have responded as well as did 
those to which the hormone was applied. In the hvpophysectomized 
rat, 63 however, treatment with estrogen on the skin over the mammary 
gland is without effect, although in the normal or partially hypophy¬ 
sectomized rat, new growth is stimulated. These experiments are inter¬ 
preted as further evidence that a pituitary mammogen is essential for 
steroid hormone effects on the mammary glands of hvpophysectomized 
rats. It may be granted that a known pituitary factor affects mammary 
gland growth, without postulating a new mammogen complex. This 
is particularly true in view of the role of prolactin in stimulating mam¬ 
mary development. 48 These experiments will be considered later. The 
failure of the hypophysectomized rat to respond to combinations of 
desoxycorticosterone and estrogen 68 is in contrast to the behavior of the 
hypophysectomized mouse which exhibits definite mammary growth 
following treatment with these hormones. 61 It would have been of con¬ 
siderable interest if Leonard and Reece 63 had administered progesterone 
together with estrogen to their hypophysectomized rats. This com¬ 
bination of steroid hormones is effective in the hypophysectomized 
mouse, and had similar results been obtained with the rat, the ineffec¬ 
tiveness of local application to mammary tissue in hypophysectomized 
rats might then be attributed to the absence of prolactin and the capacity 
of the latter hormone to stimulate the production of progesterone. 45 It 
may also be pointed out that mammary development has been reported 5 - 
in hypophysectomized rabbits injected with estrogen and progesterone. 
This species, therefore, behaves in a manner similar to the mouse in its 
response to a combination of these two steroid hormones. 

Reece and Leonard 64 have recently published data contributing to the 
subject of the effects of pituitary protein hormones on the mammary 
gland. Hypophysectomized rats given estrogen and gonadotropic hor¬ 
mone prepared either from pregnancy urine or from gland sources ex¬ 
hibited no mammary proliferation. On the other hand, the mammary 
glands of experimental animals receiving a growth hormone preparation 

«2 Gardner, W. XT., & Chamberlin, T, L. Yale Jour. Biol. Med. 13: 4ff2. 1941. 

r 3 Leonard, S. L. y & Reece, B. P. Endocrinology 30: 32. 1942. 

u 1 Reece, R. P., & Leonard, S. L. Endocrinology 39: 297. 1941. 
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plus estrogen showed a stimulated growth of the duct system. It is 
interesting to note that the growth hormone preparation alone produced 
slight mamm ary growth. The growth hormone used contained thyro¬ 
tropic hormone and probably small amounts of adrenocorticotropic sub¬ 
stance. Gonadotropic hormone was also present in the growth prepara¬ 
tion but the effect of the former can be disregarded in view of the nega¬ 
tive findings with purified gonadotropic substances. The results ob¬ 
tained by Reece and Leonard were interpreted by those authors in terms 
of the effect of the mammogenic factor contained in the growth hormone 
preparation. 

In collaboration with Dr. W. U. Gardner, of the Department of Anat¬ 
omy of the Yale University School of Medicine, it has been possible re¬ 
cently to examine the influence of certain purified pituitary protein hor¬ 
mones on mamma ry growth in hvpophysectomized male mice receiving 
estrogen. Gardner 1 ' 1 has demonstrated that the mammary glands of 
hypophvsectomized male mice may be developed slightly by the admin¬ 
istration of estradiol propionate, progesterone, or desoxycorticosterone. 
A more extensive and more rapid proliferation of the mammary ducts 
of hypophysectomized mice occurred when desoxycorticosterone acetate 
or progesterone was injected together with the estrogen. Highly puri¬ 
fied lactogenic hoimone, prepared in our laboratory and shown to be 
homogeneous by solubility studies, electrophoretic behavior, and ultra¬ 
centrifugal analysis was available, and this preparation has been tested 
for mammary-growth stimulating effects in hypophysectomized male 
mice receiving estrogen. Several other prolactin preparations were also 
studied in the following manner. Hybrid male mice from 4 to 8 weeks 
of age were hypophysectomized by means of the procedure described by 
Thomas." The mice were maintained on a stock diet of Fox Chow and 
water. Completeness of operation was checked by examination of 
serial sections of the sella. From 3 to 47 days after operation, injections 
of lactogenic hormone with or without estrogen were started; the pro¬ 
lactin was administered intraperitoneally daily and the estrogen 66 sub¬ 
cutaneously every other day. On the 10th to 13th day the animals were 
killed and the mammary glands studied from stained and dissected pre¬ 
parations. Untreated hypophysectomized mice served as controls. 
Preliminary experiments have also been conducted with other types of 
extracts and hormonal preparations. 

Some of the data obtained have already been published. 48 Since the 
time of the latter publication, experiments have been extended and a 

<> 5 Thomas, T. Endocrinology 2S: 09. 1938. 

Ihe estradiol di propionate and 2 preparations of prolactin were generously supplied by the 
Schenng Corporation tnrough the courtesy of Dr. E. Schwenk. 
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summary of the results are shown in table 10. Five mice received only 
a commercial preparation of prolactin (SC; which contained 12.5 I.U. 
per mg. A slight mammary growth occurred in 3 of there animals. 
Two of the latter were caged with animals receiving estrogen and may 
have acquired enough of the latter hormone by contact to elicit some 
mammary response. A moderately extensive mammary growth oc¬ 
curred in all mice receiving both estrogen and the same preparation of 
prolactin. 

The mdimentary glands were not stimulated in the 12 operated ani¬ 
mals receiving either of the 2 preparations of highly purified prolactin 
{SP and AW) at any of the 3 different dose levels. The failure of 
mammary growth to occur in hypophvsectomized male mice given puri¬ 
fied lactogenic hormone is in agreement with the observed lack of growth 
of the mammary glands in hypophvsectomized rats injected with large 
amounts of prolactin. 43 The 13 hypophysectomized mice receiving 
estrogen in addition to the purified lactogenic preparations showed mam¬ 
mary growth rated as ++ in 11 animals and + in the other 2. At the 


Table 10 

Mammary Responses in Hypophysectomized Male Mice Receiving Vabiois 
Hormones and Extracts Alone and Together with Estrogen 


Number of 
mice 

Number of Treatment’" Period showing 

Mice treated mammary 

growth ~ 


Days 

13 Saline pituitary extract 9-16 

17 Saline pituitary extract + estradiol dipropionate 4-16 

5 Prolactin -sc < Schering—12.5 I.U. mg.) 11-12 

5 Prolactin -80 iSchering—12.5 I.U. mg.) 4- estra¬ 
diol dipropionate 11-12 

8 Prolactin -81 * (Schering—35I.U. mg.) 11-12 

12 Prolactin -sp (Schering—35 I.U. mg.) + estradiol 

dipropionate 9 

4| Prolactin -AW (35 I.U. mg. > 10 

1 Prolactin - (35 I.U. mg.) + estradiol dipropionate 10 

5 Saline fetal extract (mouse» 9-12 

2 Saline fetal extract (mouse) + estradiol dipropionate 9 

2 Thyrotropic hormone 9 

3 Thyrotropic hormone + estradiol dipropionate 9 

2 Thyrotropic hormone + prolactin 9 

2 Thyrotropic hormone 4- prolactin + estradiol 

dipropionate 9 


3 

17 

3 


o 

0 

12 

0 

1 

0 

0 

0 

0 

0 

2 


* Estradiol dipropionate, 1 ixs. every other day. Pituitary hormones given daily. Prolactin given 
at dose levels of 0.1, 0.3, and 1.0 mg. daily with uniform results. Thyrotropic hormone giventin doses 
of 0.25 mg. daily. Saline pituitary extract given in doses of 0.25 mg. total solids daily. Saline fetal 
extract given in doses of 0.2 to 2.2 mg. total solids daily. 

t This prolactin preparation has been demonstrated to be homogeneous. White , A,, Bonanes, B. w. 
ft Long, C. N. H. Jour. Biol. Chem. 143: 447. 1042. 






374 


AXXALS .\£li' YORK ACADEMY OF SCIEXCES 


time they were removed the glands were growing rapidly as indicated 
by the enlarged end-buds containing numerous mitotic figures. The 
extent of mammary proliferation averaged somewhat less than that 
obtained in unoperated mice receiving estrogen, and was comparable to 
that induced in hypophy-sectomized mice receiving estrogen and pro¬ 
gesterone. 61 

It has further been observed in these studies that a highly purified 
preparation of pituitary thyrotropic hormone, containing significant 
amount's of gonad-stimulating material, failed to produce mammary 
gland growth in hypophysectomized male mice receiving estrogen. The 
inability of these two pituitary hormones to stimulate mammary growth 
under the experimental conditions employed confirms the observations 
of Reece and Leonard 64 with hypophysectomized rats. Three of 13 
hypophysectomized male mice receiving saline extracts of pituitary tis¬ 
sue showed mammary growth. All mice given estrogen and the saline 
extract showed mammary growth comparable to that in mice receiving 
estrogen and prolactin. 

Further evidence that prolactin is the limiting factor in mammary 
development in these studies is seen in the experiments in which thyro¬ 
tropic hormone and estrogen, either alone or in combination, did not 
induce mammary growth, whereas the addition of prolactin to these two 
other hormones produced mammary proliferation. 

THE PRESENT STATUS OF THE MAMMOGEN HYPOTHESIS 

In a discussion of the question of the existence of a specific anterior 
pituitary mammogen factor or factors regulating the development of the 
mammary- gland, it is obviously necessary- to consider the following 
questions: 

1 11 Can an adequate explanation of mammary development be made 
which is based on known hoimonal factors without the inclusion of the 
mammogen hypothesis? 

1 2) In the event that the answer to the first question is an affirmative 
one. can the experimental data supporting the mammogen hypothesis 
be rationalized from the information available, disregarding the postu¬ 
lation of new hormones? 

3 1 In the event that the answer to the first question is affirmative, 
and to the second negative, is it justifiable to assume that there may- be 
several different anterior pituitary- hormones controlling the develop¬ 
ment of the mammary gland? 

The experiments which have been described with prolactin demon¬ 
strate for the first time that highly purified lactogenic hormone admin- 
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istered with estrogen to hypophysectomized male mice will produce 
mammary growth in these animals. Inasmuch as the prolactin alone 
has no effect, and the injection of estrogen into hypophysectomized 
animals produces no marked mammary stimulation, it is evident that 
the action of both of these hormones together is required. The con¬ 
clusion may be drawn that prolactin may either sensitize the mammary 
tissue of hypophysectomized mice to estrogen or improve the general 
condition of these animals so that mammary proliferation may occur. 
Whatever the correct interpretation of the results may be, the need for 
both the pituitary and the ovarian factors in these expeiiments seems 
evident. It should be kept in mind, however, that experimentally the 
pituitary factor may be replaced by either progesterone or desoxycortic- 
osterone acetate, since either of the latter steroids will produce mam¬ 
mary growth in hypophysectomized male mice treated with estrogen. 61 
Moreover, the nonessential role of the pituitary has been emphasized 
by the production of mammary development by direct application of 
estrogen to the skin. This is not to be construed, however, as mini¬ 
mizing the importance of the pituitary gland or its secretions in normal 
mammary gland physiology. 

The preceding discussion pertains to evidence obtained in experi¬ 
mental animals. It is quite obvious that a number of endocrine glands, 
i.e the pituitary, the adrenals, and the gonads, and other factors may 
contribute to complete development of the mammary gland. It is also 
obvious that inasmuch as under normal circumstances the secretion of 
adrenal cortical steroidal substances is under the influence of the anterior 
pituitary, pituitary factors other than prolactin may influence ma m mary 
development. Yet another possibility has little experimental support, 
namely, that prolactin itself may influence adrenal cortical activity. 

Although it is true that previous experiments with prolactin and es¬ 
trogen have yielded negative results in mammary growth studies, the 
body of positive evidence previously obtained with crude and now with 
highly purified prolactin peimits the conclusion that an adequate ex¬ 
planation of m amm ary development may be made on the basis of the 
effects of combinations of several known hormones, e.g.. prolactin and 
estrogen or progesterone and estrogen, on the mammary gland. 

With the first proposed question now answered in the affirmative, we 
come to the second, and somewhat more difficult one, namely, the ra¬ 
tionalization of the experimental data supporting the mammogen hypo¬ 
thesis solely on the basis of experimental conclusions which do not in¬ 
clude the existence of the mammogen complex. 

The evidence for the presence in anterior pituitary tissue of a lipid- 
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soluble factor which pioduces growth of the mammary gland must, to 
be accepted, preclude several other possible explanations of the data. 
One of these necessitates an examination of the methods of preparing 
mammogen to ascertain whether the extraction methods would remove 
any of the known anterior pituitary hormones, e.g the proteins and 
more specifically, prolactin. The use of organic solvents in which pro¬ 
teins are generally insoluble would appear to limit this possibility. It 
i- true, however, that the extraction of fresh pituitary tissue with organic 
-olvents it essentially an extraction with a mixture of water and organic 
solvent, and the extractability of the pituitary protein hormones with 
aqueous alcohol and aqueous acetone is very great indeed. The fact 
that such extracts are subsequently increased in organic solvent con¬ 
centration to as much a3 80 per cent, in terms of alcohol or acetone, and 
at a pH at which the anterior pituitary protein hormones exhibit mini¬ 
mum solubility, does not permit one to ignore the definite and significant 
solubility of certain of these proteins under these conditions. Concen¬ 
tration of supernatants, after removal of precipitated proteins, may 
therefore serve to concentrate small amounts of pituitary protein hor¬ 
mones in these solutions. 

Notwithstanding the above intimation that there may be certain 
anterior pituitary proteins in mammogen preparations, one of which 
is now established as functioning in mammary development, the tech¬ 
nique used by Turner and his colleagues for further concentration of 
mammogen would appear to eliminate ari*explanation of their data on 
the basis of the presence of pituitary protein hormones in mammogen 
preparations. Lewis and Turner 52 reported that oily residues, obtained 
by the evaporation of aqueous-organic or organic solvent extracts of 
pituitary tissue or of supernatants remaining after precipitation of pitui¬ 
tary proteins, could be further purified by means of ether extraction. 
Moreover, the mammogenic activity was in the ether-soluble fraction; the 
ether-insoluble residue gave negative results on assay for mammogen. 
In view of these latter observations, the presence of protein material in 
the active mammogen preparations seems unlikely, although the solu¬ 
bility of proteins in lipid solvents, in the presence of lipoidal material, 
is not unknown. 

Let us now turn to an examination of the possibility that known lipid- 
soluble hormones may be present in the pituitary gland and may account 
for the effectiveness of mammogen preparations in mammary develop¬ 
ment. The mammary growth-promoting action of estrogen, proges¬ 
terone and adrenal cortical hormones makes valid this inquiry. Al¬ 
though steroid hormones have not been isolated in pure form from pit- 
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uitarv tissue, there is ample physiological evidence for their pioence in 
significant amounts. Brouha and Simonnet/ 57 in 1927, reported that th* 
subcutaneous administration of 20 mg. of lipuWoluble extract of cattle 
pituitaries into immature rats induced vaginal opening and cytological 
changes of the vagina characteristic of the estrus cycle and development 
of the uterus. In adult female castrate rats 50 to 100 mg. of material 
resulted in a complete estrus cycle. Callow and Parked obtained sim¬ 
ilar results in 1936 when they observed that an acetone extract of the 
hypophyses of cattle proved to be highly estrogenic. Moreover, Lewis 
and Turner 52 have investigated the possible estrogenic potency, of fresh 
anterior pituitary tissue and extracts, using vaginal smear reactions in 
ovariectomized mature mice and increase of uterine weight in immature 
mice as criteria of estrogenic potency. Approximately 17 per cent of 
the test animals showed estrus vaginal smear reactions and the presence 
of a small amount of estrogen was indicated by the uterine weight test. 
It should be pointed out, however, that the majority of the positive re¬ 
sponses were obtained with a single preparation, whereas each of 4 other 
extracts gave negative vaginal smears. 

Qualitative examination of anterior pituitary tissue and extracts 
having mammary growth activity for the presence of progesterone has 
recently been reported by Turner and his colleagues. 69 This seemed 
highly desirable in view of the observation of Gardner and Hill 70 that 
progesterone alone stimulates the growth of the duct system of the mam¬ 
mary gland. But the Missouri group found that amounts of fresh 
pregnant cattle pituitary which will stimulate growth of the lobule- 
alveolar system in castrate female mice did not contain sufficient pro¬ 
gesterone to give a positive response by the sensitive McGinty technic. 
Lipid extracts of the anterior pituitary which stimulated duct growth in 
the male mouse were also found to be negative for progesterone. These 
observations were taken to indicate that the mammogenic effects of the 
anterior pituitary are not due to progesterone. It should not be over¬ 
looked, however, that the presence of other sex hormones in these ex¬ 
tracts may inhibit the progesterone response. 

In view of the demonstrated presence of estrogenic hormone in the 
pituitary, and its occurrence in the lipid concentrates employed by 
Turner and his collaborators, and inasmuch as normal male and castrate 
female mice have been the assay animals for demonstration of mammogen 
activity, it is evidently possible that the functioning of the pituitary in 

67 Brouha, L.. A Simozmet, H. Comp. reed. Sge. Biol. 96: 1975. 1997. 

•8 Callow, B. k., A Parkes, A. S. Jour. Phyfiol. 87: 988. 1986. „ 

«9 Trentdn, 3,3 ., Mixner, J. P., Lewis, A. A., A Tumor, C. W. Froc. Soc. Exp. Biol. Med. 46: 
440. 1941. 

7 o Gardner, W. XT., & Hill, B. T. Proc. Soc. Exp. BioL Med. 84: 718. 1988. 
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these mice applied one of the pituitary hormones, e.g. : prolactin, whos>e 
synergistic effects with estrogen on mammary gland development has 
now been established. However, in a recent publication Lewis, Gomez, 
and Turner 71 have compared mammary gland development with mam- 
mogen in the castrate and in the hvpophysectomized rat. It was dem¬ 
onstrated that lipid extracts of anterior pituitary glands from pregnant 
cattle produce mammary duct growth in both castrate and in hypo- 
phvseetomized rats. The castrate animals were males of varying ages: 
the hvpophysectomized animals were young male and female rats*. 
There was no significant change in the weights of the thyroids, ovaries 
and uteri of the treated hvpophysectomized female rats as compared 
with similar uninjected controls. Adrenal gland weights of treated rats 
appeared to be somewhat smaller than those of the control group of 
animals. 

The demonstration of the effectiveness of lipid pituitary extracts in 
producing mammary growth in hvpophysectomized rats appears to rule 
out a pituitary influence in these animals, particularly in view of the 
already discussed improbability of the presence of protein pituitary 
hormones in these extracts. But the demonstrated capacity of certain 
steroid hormones to produce mammary growth must be kept in mind. 
Table 11 is compiled from data in the publication of Turner and his 
colleagues. It will be observed that negative results on mammary duct 
growth were obtained in castrate male rats given Alammogen I in a 
total dose of 1.8 m.u. tmouse units) in 6 injections. But when larger 
total doses were given for longer period of time (0.18 to 9.0 m.u. of Alam¬ 
mogen I daily for 28 to 30 days), positive duct-end buds and considerable 
duct development wab seen at the higher dosages. The percentage 
response was not high until several mouse units a day were given for 16 
to 30 days. The lipid extracts employed are reported to have an ac¬ 
tivity of 1 Alammogen I mouse unit in 0.1 to 1.0 mg. of material. In 
other words, an animal given 0.5 mouse units daily may have received 
from 0.05 to 0.5 mg. daily, depending on the activity of the particular 
preparation employed. Over a period of average length of 23 days, the 
total amount of material injected would have varied from 1.2 to 12.0 mg. 
In the experiments with hypophysectomized rats, 4 to 16 m.u. were given 
daily for 7 to 10 days. This is an average total dose of approximately 8 
to SO mg. per animal, depending on the activity of the particular mam- 
mogen preparation employed. Similar relatively large dosages have 
been used in previous experiments from Turner’s laboratory demon¬ 
strating a lipid-soluble mammogen. If 0.1 per cent of the lipid-soluble 

71 Lewlj, A. A., Gomes, X, T., A Turner, C. W. Endocrinology 30: 37. 194*. 
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material consisted of steroid hormone substances, the variable posi¬ 
tive ma mm ary growth observed might be expected. 

The possible general occurrence of the steroid hormones in small 
amounts in various tissues, and their effect in very small dosages on the 
mammary gland must be kept in mind when evaluating results which 
are interpreted as indicating the existence of new specific factors con¬ 
cerned with mammary gland development. Furthermore, Nelson 72 has 
recently presented additional physiological evidence demonstrating 
that sex hoimones are produced in the adrenal cortex. These experi¬ 
ments supplement the isolation experiments of Reichstein, of Winter- 
steiner, and of Pfiffner, and studies by others of the urines of patients 
with pathological changes of the adrenals. The latter endocrine organs, 
on the basis of already available evidence, may assume an important 
role in mammary gland physiology. It may also be pointed out that 
Lewis and Turner 52 were able to cause mammary hyperplasia in male 
mice with lipid-soluble extracts of guinea pig livers, although it is true 
that SO to 90 mg. of material were required to produce a positive re¬ 
sponse in 30 per cent of the animals used. 

In summing up the present available evidence in an effort to obtain 
an answer to the second proposed question, namely, can the data sup¬ 
porting the mammogen hypothesis be rationalized from this evidence 
t disregarding the postulation of new hormones) the following points may 
be made: 

' 1 i The w T ide distribution of varying quantities of steroid hormones 
in the body tissues, and the synergistic and broad physiological actions 
of certain of these hoimones, make it necessary to exclude completely 
their possible presence in any crude extracts alleged to contain new lipid- 
soluble hoimonal factors. This is particularly true when: 

(a) Small amounts of certain known steroid hormones are demon¬ 
strable in lipid extracts of various tissues. 

(bj Relatively large quantities of lipid-soluble fractions are required 
to produce a given mammary gland response in studies designed 
to support claims for new- factors. 

It has been established that certain endocrine organs, e.g the 
adrenal cortex, produce several types of physiologically active steroids 
(estrogens), some of which may have a main site of production elsew-here 
in the body. Under these circumstances, removal of the principal locus 
of formation of a particular hoimone does not completely eliminate this 
hormone from the physiological picture. 

(3) The data w’hieh have been presented in support of the mammogen 

“ 2 Nelson, W. O. Anat. Rec. 81: 97. Suppl. 1941. 
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hypothesis may find explanation in the established roles of certain hor¬ 
mones, e.g., prolactin, estrogens, progesterone. and desoxyeouicosterone, 
in mamm ary gland growth and development, and the possible but a' yet 
unproven roles of other hormones, e.g., corticosterone, adrenotropie hor¬ 
mone of the anterior pituitary, in these processes. 

4) In view of the foregoing, it is concluded that the existing evidence 
for the secretion of a lipid-soluble mammogen complex by the anterior 
pituitary gland must be supplemented by: (al purification of and more 
intimate chemical information regarding the nature of the lipid-soluble 
extracts of this tissue, and (bj a more highly refined experimental eli¬ 
mination of possible influences of known hoimonal factors in physio¬ 
logical experiments designed to obtain evidence for the mammogen 
hypothesis. 




THE GROWTH AND METABOLIC HORMONES 
OF THE ANTERIOR PITUITARY* 

By U. X. H. Loxci 

Fiom the Department of Physiological Chemistry, 

Yale University School of Medicine, Xev* Haven , Connecticut 


INTRODUCTION 

The discussion of the anterior pituitary factors that influence the 
growth and metabolism of animals is one of unusual complexity. In 
the first place, it is obviously impossible to distinguish between effects 
described as “growth promotion” and those that arc termed effects on 
metabolism, since in the last analysis growth in the true &ense is depen¬ 
dent on chemical reactions involving not only the synthesis of cellular 
components but also those by which energy is provided for such syn¬ 
thesis. Furthermore, the term growth has only a general meaning and 
unless more rigidly defined contributes but little to our understanding 
of the role played by the endocrine glands in its occurrence and con¬ 
tinuance. 

When true growth occurs the cells of an individual organ or those of 
a larger part of the animal increase not only in size but also in number. 
This means that not only is the rate of accumulation of the character¬ 
istic cellular constituents (mainly protein, tails, and water; increased 
but also their absolute quantities in the organism. This continues until 
the animal has reached adulthood, at which time the quantity of certain 
constituents of the body, notably protein and inorganic salts, remains 
con&tant although the animal may continue to increase in rize and weight 
by the addition of fat. It is important to remember that, although the 
quantity of protein remains constant, this constituent of protoplasm is 
now known to be undergoing constant breakdown and resvnthesis. This 
knowledge has recently been gained by the brilliant work of Schoen- 
heimer and his colleagues, who made use of the heavy isotope of nitrogen, 
and this information is of the utmost importance not only to our under¬ 
standing of protein metalxdism but also because it indicates that those 
processes by which protein is formed during the period of rapid growth 

* The experiments reported from the Department of Physiological Chemistry. Y*Ie University School 
of Medicine, were supported by a grant from the Committee on Research in Endocrinology, National 
Research Council, ana the Fluid Research Fund. Yale University School of Medicine. 
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do not cease at adulthood but continue with the addition of some form 
of regulation so that the total quantity of protein in the organism i& 
maintained within fairly narrow’ limits. This regulation might be 
accomplished by the recession of some agent that normally stimulates 
the anabolism of protein or by the increased activity of some factor that 
increases tissue catabolism, the result in either case being the establish¬ 
ment of a steady state. 

It is now’ well know r n that the composition of the organism is not sim¬ 
ilar at different periods of growth. Moulton and his colleagues 1 - 2 have 
made detailed studies of the composition of the gain in weight of a nim als 
at different periods, and their findings are summarized. Intra-uterine 
growth is characterized by a relatively high proportion of w’ater (90 per 
cent K a relatively low content of protein (5-9 per cent) and ash (1-2 per 
cent), and the deposition of fat is quite small 11-2 per cent). After 
birth the proportion of w’ater in the material comprising the gain in 
weight decreases quite rapidly w'hile that of protein increases to some 
15 to 20 per cent. As the age of the animals advances, increasing quan¬ 
tities of fat are deposited and since fat is laid dow 7 n with comparatively 
small quantities of W’ater, the w’ater content of the animal declines still 
more. When true growth ceases protein and ash are no longer accumu¬ 
lated but some animals, including man, may continue to increase in 
size and weight by further addition of fat. 

Since the continued addition of fat dilutes as it were the true compo¬ 
sition of growth, Moulton 1 has calculated for several species both the 
composition of the whole animals and the composition of the gain in 
weight on a fat-free basis. This method leads to some interesting con¬ 
clusions for it is found that the proportions of protein and ash increase 
steadily during intra-uterine life and during the early period of extra- 
uterine existence. Following this, a period is reached in w T hich the pro¬ 
portions of protein, ash and water remain remarkably constant, although 
as pointed out above very large quantities of fat may be accumulated. 
It is this period that Moulton has termed the “age of chemical maturity.” 

The interest in the steady state of the composition of the body of adult 
animals has been increased by the fact that the turnover of many of the 
elements, particularly the proteins, is continuous throughout life and 
consequently it may be assumed that rather exact regulatory mech¬ 
anisms operate during the adult period. Among these are undoubtedly 
certain endocrine glands and in particular the anterior pituitary. 

If it be allowed that the chemical characteristics of true growth are the 

1 Moulton, C. B. Jour. Biol. Chem. 57: T9. 1933. 

® ArmBby,JH. P., & Moulton, G. B, "The Animal a* a Converter of Matter and Energy.” Am. 
Chem. hoc. Monograph Series, No. €3. The Chemical Catalog Co. Ne* York. 1935. 



LOXG: GROWTH AXD METABOLIC HORMOXES 3S5 

accumulation of inorganic elements, proteins and water/'* we are enabled 
by studies of the water, ash and protein metabolism of the organism to 
analyze the influence of any agent that either enhances or inhibits growth. 
It may even at this point be stated that anterior pituitary extracts do 
not qualitatively alter the composition of true growth hut merely in¬ 
crease its proportion in the total weight gain. 

THE ANTERIOR PITUITARY AND GROWTH 

It will be agreed that the anterior pituitary is only one of many agents 
that determine the ultimate size and form of the whole animal and its 
component organs. Furthermore, there is good reason to believe that 
the presence of a pituitary factor is not always essential to growth. This 
is certainly true during the early stages of embryonic existence 4 and 
though the importance of the pituitaiy factor increases steadily in the 
later stages, it is now known that hypophyseetomy of animals soon after 
birth does not lead to an immediate cessation of growth. This is par¬ 
ticularly true in the rat where the effects of this operation have been 
most extensively studied. But if hypophyseetomy is performed when 
the rats have reached a weight of 80-100 gm., growth ceases immediately 
even though the animal is supplied with a diet that is entirely adequate 
for normal growth of intact animals. 

These facts are well known but the picture is not so simple as it appears 
at first sight. In the first place, removal of the hypophysis also re¬ 
moves certain other hormones whose presence is essential for the normal 
functions of such endocrine glands as the thyroid, adrenal cortex and 
gonads. These not only undergo anatomical regression but also it can 
be demonstrated that their function is very much reduced although not 
entirely obliterated. As is well known, normal growth is not possible 
in the absence of sufficient quantities of either the thyroid or adrenal 
cortical hormones and the question might well be asked, whether the 
cessation of growth after hypophyseetomy is not due partly to the mul¬ 
tiple glandular deficiency that follows this procedure. 

In addition, hypophysectomized animals have poor appetites and con¬ 
sume much less food than normal animals. Whether this is a cause of 
growth retardation or merely a consequence of the profound changes in 
metabolism has not been entirely answered, but in all probability it 

3 It is of course apparent that many other organic substances are accumulated as the organism grows, 
but the proteins by virtue of the unique position they occupy as constituents of protoplasm are perhaps 
the most important for studies of this kind. It should also be noted that the entire exclusion of lipids 
from the composition of true growth is also not justified since many of them are essential constituents of 
cells. Nevertheless, the available data suggest that the essential lipid components form only a small 
proportion of the gam of rapidly growing animals and that their exclusion does not greatly alter conclu¬ 
sions regarding the composition of the materia] laid down in these periods. 

4 Fugo, N. w. Jour. Exp. Zool. 85: 871. 1940. 
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should be regarded as an adjustment of the organism to its new metabolic 
environment. It should also be recalled that removal of the hypophysis 
does not prevent regeneration of certain organs such as the liver. This 
has been clearly shown by Franseen, Brues and Richards® and Hi ggins 
and Ingle/' Both studies agree, however, that there is some retardation 
of the rate of regeneration which may in part be due to the smaller food 
consumption of hypophysectomized rats. 

The most convincing evidence of the essential character of an anterior 
pituitary factor for normal growth is furnished by the effect of injections 
of extracts of this gland into hypophysectomized and normal animals 
In the former case, growth is immediately resumed; in the latter, ac¬ 
celerated growth rates occur in young animals and those that had at¬ 
tained a stationary state begin to grow again. But even in these animals 
the part played bv stimulation of other endocrine glands in the total 
response to the extract still needs to be taken into consideration. 

It is necessary to take up in some detail the nature of the response to 
growth-promoting extracts in order that not only the essential action of 
the growth hormone may be understood but also the relation of this to 
the other metabolic effects of the anterior pituitary. 

THE MODE OF ACTION OF THE GROWTH HORMONE OF 
THE ANTERIOR PITUITARY 


General Effects of Growth-Promoting Extracts 

Although the first association of the anterior pituitary with growth 
promotion was noted in individuals suffering from pituitary tumors, the 
first experimental demonstration that the growth rate of mammals could 
be accelerated by the injection of anterior pituitary extracts was carried 
out by Evans and Long, 7 who showed in 1921 that true gigantism could 
be produced in rats by this means. Later it was shown, particularly 
by Teel and his collaborators, 8 as well as by Evans, et al, 9 that injections 
of similar extracts into dogs produced not only an increased growth rate 
but also a condition strikingly similar to acromegaly in man. 

Since most work has been and now is being carried out on rats, it may 
be well to outline the course of events in this species following injection 
with anterior pituitary extract (A.P.E.). Female rats that have reached 
a nearly constant weight (plateaued) are usually used. Males also re¬ 
spond but are less sensitive than the females. Growth is accelerated at 
once and in the first experiments reported the treated anim als ultimately 


* Jr«n»een, c .p.,Bruei, A.M., * Richard*, B. L. Endocrinology *3: 292. 19*8. 
“ Higgins, O. M., & Ingle, B. J. Anat. Sec. 73: 9S. 19S9. 

■ Bran*. H. M., & Long, J. A. Anat. Rec. 21: 62. 1921. 

J Putman, T. 3., Benedict, S. B., & Ted, H. M. Arch. Surg. IS: 1708. 1929. 

• Srans, H.M., at al. Mem. Univ. California, 11. 1928. 
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reached a weight almost double that of their litter sisters. Thi* growth 
was symmetrical, that is, the increase in length of the animal was propor¬ 
tional to the increased weight. While not much data have been collected 
on this point, such as are available are presented in table 1 and are 
contrasted with the unsymmetrical “growth” found in rats after hypo¬ 
thalamic puncture. It will be observed that the A.P.E.-treated an imal s 
have ratios of body weight to body length that are somewhat greater 
than those found in untreated animals of the same length, a finding which 
indicates that the animals may have been slightly obese. As will be 
seen, however, there is ample evidence that true growth was induced by 
this treatment. 

Table 1 

Weight-Length Relationships of: 

(a) Rats Treated with Growth Hormone and 
( b) Obese Rats Following Hypothalamic Puncture 10 



Weight 

Length 

B.W. . 
Bx: rata0 


grams 

norms 


Normal males 

372 

236 

1.58 

» it 

448 

250 

1.79 

Males injected with A.P.E. 

485 

255 

1.90 

Normal females 

220 

204 

1.08 

it tt 

350 

230 

1.52 

Females injected with A.P.E. 

397 

232 

1.71 

Normal females 

300 

216 

1.39 

Obese female litter mates 

403 

207 

1.95 


* 10 Data compiled from: Donaldson, H. H. "The Rat.” Mem. Wistar Inst., Philadelphia. No. 6, 
1924; Evans, H. M., & Simpson, M. E. Am. Jour. Physiol. 98: 511. X9S1; Tepporman, J., 
Brobeck, J. &., & Long, 0. N. H. Unpublished data. 

At this point it is necessary to call attention to an anomalous situation. 
In the first experiments reported by Evans and Long the rats were in¬ 
jected daily for as long as 8 to 13 months with a crude alkaline extract 
and although growth was not as rapid in the late period as at first, never¬ 
theless it wa 3 continuous throughout the period of injections. Later 
attempts to repeat this experiment, even in the same laboratory, showed 
that, after an initial period of brisk growth, the animals became refrac¬ 
tory to the extract and even lost some of the weight they had gained. 
The same result was also obtained in hypophysectomized animals but 
even more discouraging was the fact that partial purification of the ex¬ 
tract did not correct this decreased responsiveness. The development of 
a refractory state to anterior pituitary extracts is not limited to their 
growth-promoting properties and has been shown to be true for the stim- 
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illation of thyroid and gonads that follows their use. This whole subject 
has been developed by Collip and others in an interesting manner and 
Collip has coined the term, 44 anti-hormones,” to describe the substances 
that appear in the serum of such animals. The reader is referred to a 
recent review by Thompson 11 for a full description of present views on 
this subject. 

In hypophysectomized animals there maj T be additional reasons for 
the ultimate failure to respond to growth-promoting extracts. Evam 
and his colleagues 12 have shown that many hypophysectomized animals 
will again become responsive if crude extracts are substituted for the 
more purified preparations or if they receive glucose injections. It should 
also be remembered that hypophysectomized animals have atroph¬ 
ic adrenals and thyroids and that, unless these keep pace with the 
increased size and metabolic demand, growth may ultimately cease, since 
it is hard to conceive of any animal growing to adult size when deprived 
of all but minimal amounts of the hormones of these glands. Conse¬ 
quently, while purification and separation of the growth-promoting agent 
from the adrenotropic and thyrotropic agents can be achieved, it may 
be anticipated that these extracts over a long period will prove to be 
inadequate to support continuous growih in hypophysectomized and 
possibly in normal animals by reason of the fact that the adrenals and 
thyroid do not receive a stimulation proportional to that induced by the 
growth principle in the somatic tissues. This, however, does not ex¬ 
clude the fact that such a preparation may induce an immediate but 
temporary increase in growth. 

In a recent paper Marx and coworkers 13 have studied the growth re¬ 
sponse of hypophysectomized rats to the injection of a growth hormone 
preparation that contained only small quantities of the other anterior 
pituitary^ hormones. The treated animals were pair-fed with a control 
group. "While their body weight increased 25 per cent it w’as also found 
that this was attended by an increase in weight of different degrees in 
various organs, including the ovaries, adrenals and thyroids. The in¬ 
crease in the endocrine glands is particularly interesting inasmuch as the 
preparation injected apparently contained only minute amounts of tropic 
hormones. This raises the question as to whether a tropic hormone is 
not more concerned with the formation and liberation of specific hor¬ 
mones than to the actual size of the endocrine glands that produce them. 

As mentioned above, the role played by the quantity and quality of the 

n Thompson, K. W. Physiol. Rev. *1: 588. 1941. 

** Evans, H. M., Penchars, E. I., & Simpson, M. E. Endocrinology 19: 509. 1935. 

18 Marx, W., Simpson, M. E., Reinhardt, W. O., & Evans, H. M. Am. Jour. Physiol. 135: 614. 
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diet in determining the response to either hypophvbeetomy 01 the in¬ 
jection of A.P.E. has not yet been entirely worked out. Bryan and 
Gaiser 14 have pointed out that the degree of response of rats is conditioned 
in part by the diet fed and even without growth hormone rats may, bv 
improvements in the diet, be induced to grow' to a size similar to that 
achieved by A.P.E. on ordinary diets. 15 Lee and Schaffer 16 have clearly 
‘Jiown that on a pair-fed regime, however, rats injected with A.P.E. 
grow more than do untreated animals. This has also been shown to be 
true for pair-fed hypophvsectomized rats. 13 

Effects on Special Organs and Tissues 

The fact that hyperactivity of the pituitary gland is associated with 
marked changes in certain organs and tissues of the body has been known 
for some time. The bony deformities, splanchnomegaly and enlarged 
tongue of individuals suffering from acromegaly are well known stigmata 
of this disease. Putnam, Benedict and Teel 8 found in a dog in which a 
condition resembling acromegaly was produced by chronic injection of 
A.P.E., that the liver was enlarged more than any other organ except the 
gonads and thyroid, for which organs the extract contained specific prin¬ 
ciples. The liver showed evidence of a central necrosis. Downs 17 has 
also noted the disproportionate increase in the liver of treated mice. The 
cell nuclei were greats increased with a slight increase in cell size. There 
was also a marked central necrosis. In dogs there was also a marked 
increase in the size of the liver and central necrosis. 

In experiments conducted over a short period (1-16 days) in pair-fed 
rats Lee and Freeman 18 have found that, although the average liver 
weight was significantly greater in treated animals, the number of cells 
per gram of tissue remained unchanged and they conclude that the liver 
exhibits a true hyperplasia under the influence of the extracts used and 
that all elements of the organ participate in it. The total quantity of 
nitrogen in the liver per 100 gm. of rat was 117 mg. in the controls and 
129 mg. in the treated animals, indicating that in proportion to their 
body weight the latter had accumulated more nitrogen (protein) in their 
livers. 

The bon}' changes accompanying hyperpituitarism in man have always 
excited interest. As is well known these are of two 131 ) 08 : (1) a general 
increase in the size of the skeleton that accompanies gigantism and which 
occurs only when the epiphyses are open; and (2) the bony deformities 

* Bryan, A. H., & Gaiser, D. W. Am. Jour. Physio] 99: 879. 1982. 

5 Anderson, W. E., & Smith, A. H. Am, Jour. Physiol. 100: 511,1982. 

b Lee, M. O., & Schaffer, H. fc. Jour. Nutrit. 7: 837, 1984. 

7 Downs, W. G., Jr. Jour. Dent. Res. 10: 801. 1980. 

8 Lee, M, O., A Freeman, W. Endocrinology 28: 498. 1940. 
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associated with acromegaly which develop when hyperpituitarism occur* 
during adult life. 

Putnam, Benedict and Teel s used bulldogs for their chronic experi¬ 
ments and found that the treated animals exhibited marked bony de¬ 
formities. The bones were thickened and heavy and local changes such 
as‘are seen in human acromegaly were present. Evans and his col¬ 
leagues 9 suggested that the choice of the bulldog for such injections may 
have influenced the results, as this animal may be regarded as already 
possessing acromegalic traits. These investigators injected a more 
normal type of dog (shepherd) and reported that in this breed the pro¬ 
longed injection of A.P.E. did not lead to any appreciable changes in the 
long bones although the skull bones were enlarged. In the dachshund 
marked general growth was produced but the achondroplastic form of 
the short extremities was retained. The long bones were not particu¬ 
larly affected but those of the skull were thickened and enlarged. In 
both of these breeds the most pronounced changes occurred in the soft 
tissues and it is of exceeding interest that diabetes mellitus was observed 
to appear in two dogs after some months of treatment. 

Mortimer 19 has made extensive X-ray studies not only on the changes 
produced by A.P.E in the skulls of normal rats but also those that follow 
hypophysectomy in this species. The skulls of the treated rats had less 
density and were more highly developed than the controls, but as Mort¬ 
imer points out, the crude extracts used contain factors that stimulate 
the thyroid and possibly the parathyroids so that care must be used in 
the interpretation of the results. The changes in the skull after hypo¬ 
physectomy are, however, quite characteristic. There is a marked de¬ 
crease in vascularity, and the processes of bone resorption and deposi¬ 
tion are unbalanced. Ml growth does not cease but the skull grows more 
in its transverse and vertical direction than it does in its anteroposterior 
diameters so that the head retains its infantile proportions and appear¬ 
ance. The eruption of the teeth is retarded, their outline deformed and 
the pulp cavities obliterated. Similar tooth changes have been des¬ 
cribed by Schour and Van Dyke, 20 and Downs 17 has reported that the 
injection of A.P.E. into dogs hastened the eruption of the teeth. In 
mice similar treatment led to a noticeable increase in the size and density 
of the incisor teeth and maxillae. 

Histological studies on the changes in the epiphyses and related struc¬ 
tures following hypophysectomy or treatment with A.P.E. have been 

1 • Mortimer, H. Radiology 28: 3. 1937. 

a0 Schour, I., & Van Dyke, H. B. Am. Jour, Anat. 50: 397. 1932. 
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made by several investigators. The Silberborg>- in particular have 
made extensive studies of both guinea pigs and mice. They found that 
extracts of beef anterior pituitary increase proliferation and may induce 
degenerative changes in the epiphyseal and articular cartilage and that 
they stimulate the deposition of bone. These effects were not prevented 
bv thyroidectomy or ovariectomy. Freud, Levie and Kroon 22 have 
reported that after hypophvsectomy in rats growth ceases in the tail 
vertebrae and that differences in the tail length can readily be detected 
by skiagrams as early as 7 days after operation. They also made the 
statement, which is somewhat surprising in view* of the experience of 
other investigators, that the epiphyses close soon after hypophvsectomy 
and that once completed, growth can no longer be induced by growth- 
promoting extracts, but if a growth-promoting extract is given im¬ 
mediately after hypophvsectomy epiphyseal closure is prevented and 
tail growth continues. Not only have these investigators proposed that 
alterations in tail length and vertebral development be used as a method 
for the assay of the growth hormone but state that the growth defect 
after hypophvsectomy is definitely localized in the epiphyseal cartilage. 
Consequently, they suggested that the growth hormone was a “chrondo- 
tropic” hormone, a view which was subsequently modified 23 to admit 
that the hormone has other sites of action. Levie and tyldert 24 reported 
that removal of the adrenals does not prevent the usual effects of purified 
growth hormone on tail growth. 

Ross and McLean 23 found that the administration of a growth prepa¬ 
ration to plateaued rats induces histological evidences of active growth 
in the quiescent epiphyseal cartilage and adjacent spongiosa. They 
stated that this resumption of growth in the cartilage is often a better 
indicator of the activity of the preparation than an increase in body 
weight. These authors also conceded that the effect of the hormone 
upon the growth apparatus in the bone does not exclude the presence of 
specific effects in other tissues. Ray, Evans and Becks 26 have recently 
presented a detailed study of the alterations produced in the epiphyseal 
disc of rats by hypophysectomy and A.P.E. 

The question of a specific pituitary factor influencing bone growth has 
been given a new turn by the recent observations of Ingalls and Hayes 27 
that adrenalectomy is also followed by a failure of endochondrial bone 

3i Silberberg, My ft Silberberg, E. Am. Jour, Path. 15: 547. 1930; IS: 491, 505., 1940; 17: 
189. 1940. Anat. Rec. 78: 549. 1940. Endocrinology 39: 475. 1941. 

33 Tread, J., Levie, L. H. ft Kroon, B. B. Jour. Endocrinology 1: 50. 1939. 

33 Freud. J., ft Dinjrem&nse, E. Acta brer. Neerland. 10:102. 1940. 

2 * Levie, L. H., ft uylderfc, I. E. Acta brer. Neerland. 9:1*1. 1939. 

« Hobs, E. 8., ft McLean, F. C. Endocrinology 37: 399, 1940. 

30 Bay, E. D.. Evans. H. M„ ft Becks, H. Am. Jour. Path. 17: 509. 1941. 

= ■ Infills, T.H., & H&ys», D. B. Endocrinology**: 7*». 1M1. 
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formation *imilar to that following hypophysectomy. These authors 
suggested that the atrophy of the adrenal cortex that follows hypophy- 
*ectomy may be a major factor in the interruption of growth. Levie 
and Uyldert found, however, that adrenalectomy did not interfere with 
the stimulating properties of growth hormone on tail length. 

It is evident, as in many other instances of the effect of the anterior 
pituitary on metabolism, that the changes produced in bone growth by 
an excels or deficiency of its hoimones are exceedingly difficult to inter¬ 
pret, paitly by reason of the number of hormones involved that may 
alter the processes in bones but also by reason of the fact that the long- 
continued injection of crude extracts lesults in the development of re¬ 
fractory states which in some instances may actually produce a hypo- 
function of certain endocrine gland*. 

Metabolic Changes Induced by Growth-Promoting Extracts 

The injection of crude anterior lobe extracts into animals is followed 
by marked and widespread alterations in metabolism. Since such 
extracts contain piinciple* other than those associated with growth pro¬ 
motion and since no purified growth preparation has so far been exten¬ 
sively tested for its effects on metabolism it is extremely difficult to in¬ 
terpret the large number of observations that have been reported. An 
attempt will be made in a later section of this paper but for the moment 
particular consideration will be given to the alterations in protein meta¬ 
bolism. The reasons for this have been outlined above and it will be 
sufficient to repeat that true growth is always associated with the ac¬ 
cumulation of protein in the body and, since this can be accomplished 
only by an absolute or relative change in protein synthesis, the indica- 
tioiijs seem clear that either directly or indirectly the growth hormone 
influences these processes. The evidence for such a participation of the 
growth hormone is quite conclusive and indeed is strongly suggestive 
that the true role of the anterior pituitary in the growth process is its 
influence on protein metabolism. The experimental facts are as follow's: 

«1 t The injection of anterior pituitary extract into dogs is followed 
by a fall in blood X.P.X., urea and amino acids of some 20-30 per cent. 
This occur* within a few hours of injection and may persist for some 
time. 2 ' Harrison and Long 29 have observed a fall in the blood N.P.X. 
of fasted rats after A.P.E. injections. 

i2* Gaeblei 30 has found that not only is the blood X.P.X. decreased 
after a single injection of A.P.E. but there is an even more striking re- 

Teel, H. M., & Watkins, O. Am. Jour. Physiol. 89: 882. 1929. 

J «Harrison, H. C., & Long, C, N. H. Endocrinology 26: 971. 1840. 

<f* Gaebtor, O. H. Jour. Exp. Med. 57: 348. 1933. 
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duction in the urine nitrogen excretion. This occurs even in plilorid- 
zinized dogs 31 and fasted rats. 29 In Gaebler’s experiments the injection* 
also lowered the respiratory quotient and raised the basal metabolic rate. 
There was marked diuresis and following the injection the greater part 
of the retained nitrogen was excreted within the next few days. 

(3; Schaffer and Lee 32 stated that the injection of A.P.E. into normal 
rats causes a slight fall in the urea and amino acid content of the carea.*.* 
and a much greater fall in that of the liver, the urea content being re¬ 
duced to less than half the initial amount. The total X.P.N. was always 
reduced. Prolonged treatment with A.P.E. kept the aminn acid and 
urea content of the liver at low levels. 

(4) The changes in the composition of animals whose growth ha* been 
accelerated by A.P.E. have been studied by several investigators. The 
first of these studies appeal's to be that of Downs 17 who injected mice 
daily for 105 days with an alkaline extract prepared by the method of 
Evans and Simpson. Analysis of his data indicates that the composi¬ 
tion of the gain of the treated animals contained more water, protein 
and ash, and less fat than did the control animals. Wadehn 35 peifoimed 
similar experiments on mice. He concluded that the excess weight 
gained by the treated animals could not be attributed solely to fat oi 
water retention since the animals contained, if anything, less fat than the 
controls. Bierring and Nielsen 34 used rats injected with A.P.E. daily 
for 7 months. Analysis of the gains in weight of the treated and conti ol 
groups showed that the former deposited more water and le.*s dry mattei 
than the latter. 

In all the above experiments the animals were fed ad libitum and as it 
is now known that those treated with A.P.E. consumed greater quanti¬ 
ties of food the suggestion of greater water and less fat retention in the 
treated a n ima l s assumes some significance. The best and most quanti¬ 
tative studies of this character are those of Lee and Schaffer 16 on rats. 
The control and A.P.E.-treated animals were pair-fed for a period of 77 
days and the composition of the gain in weight carefully determined. 
Their results which are presented graphically in figcre 1 are compared 
with the composition of the gain in weight of rats becoming obese after 
hypothalamic puncture. 35 They show quite clearly that the injection 
of A.P.E. caused not only a greater total gain in weight, but what is more 
important is that this gain was composed largely of water and protein 
183 per cent) while fat constituted only some 13 per cent. In the control 

81 Gaebler, O. H. f & Zimmerman, W. J. Am. Jour. Physiol. 1A8: 111. 1930. 

88 Schaffer, H. X., & Leo, M. O. Jour. Biol. Chem. 108: 355. 1035. 

8 * Wadefcn, F. Bioohem. Ztschr. S5S: 188. 1939. 

34 Blerrisg, E., & Nielsen, S. Biochem. Jour. 96:1015. 1039. 

3 ' Hethermgton, A. W„ & Weil, A. Endocrinology »: 793, 1940. 
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Figlhe 1 . Composition of tbe gain in weight of rats after anterior pituitaiy treatment and hypo¬ 
thalamic puncture. (Data of Lee and Schaffer, Hetherington and Weil. 


group water and protein made up ob per cent of the gain while fat formed 
39 per cent. In other words, under the influence of the extract the com¬ 
position of the gain had reverted to that found in rapidly growing animals 
of a much younger uge. It is also of interest to note that the extra- 
uterine type of growth was retained and the embryonic type did not 
reappear, since the proportions of water, protein and ash in the gain in 
weight when expressed on a fat-free basis are unchanged by the treat¬ 
ment. This is also illustrated by a calculation of the water-nitrogen 
ratios as shown in table 2. This ratio has a high value ranging from 60 
to more than 100 in pig embryos, but after birth it falls to between 10 
and 30, declining as the age of the animal increases and of course vanish¬ 
ing when nitrogen ceases to 1*> retained. 

The smaller increment of fat in the treated animals indicates, since 
the caloric intake w^as the same in both groups, that the treated animals 
had consumed a larger proportion of this substance to support their 
energy requirements. This stimulation of fat catabolism has been noted 
by all investigators to follow the injection of A.P.E. and its significance 
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Table 2 

WaTEE-X IIROGEN RaTIOjs OF THE GAIN IN WEIGHT AT DIFFERENT PLRIOD& Oi 

Growth and Under the Influence of the Growth Hormone 



H 2 0 


Ratio 

Pig embryos 

10-15 mm. length 

15-30 ” 

89.1 

1.30 

6S.5 

90.6 

1.14 

so.i 

30-50 ” 

92.1 

0.81 

113.5 

50-110 ” 

90.9 

0.93 

97.6 

110-160 ” 

92.1 

0.87 

106.0 

160-240 ” 

87.3 

1.40 

62.2 


Pigs after birth 


0-11 days 

21-12 ” 

80.5 

2.89 

27.6 

74.9 

2.56 

29.2 

42-96 ” 

65.8 

2.44 

27.0 

[Mature pigs 

22.0 

1.03 

21.5 

Rats 




0-14 days 

69.0 

2.39 

28.9 

14-21 ” 

67.0 

2.27 

29.5 

21-42 ” 

63.0 

t,1.48» 

,42.6 

42-110 '* 

53.0 

3.14 

16.9 

110-230 ” 

35.8 

2.59 

13.8 

Rats 




(Lee and Schaffer) 

45.0 

2.01 

22.4 

A.P.E.-treated controls 

63.3 

3.15 

20.1 


in relation to other metabolic activities of the anterior pituitary will be 
considered later. 

(5) Gregory and Goss 36 found that the injection of A.P.E. into rats 
or rabbits causes a 50 per cent decrease in the glutathione content of the 
liver in 12 hours. This observation is worthy of comment although the 
role of this substance in metabolism is not clearly understood at present. 

To summarize, it is evident that the injection of anterior pituitary 
extracts rich in growth-promoting activity is accompanied by marked 
alterations in the metabolism of proteins and related compounds. These 
changes indicate that under the influence of these extracts either there is 
an increased synthesis of protein or the normal rate of protein catabolism 
is reduced. It is particularly noteworthy that these effects are not 
limited to animals receiving food containing protein but may also be 
observed during fasting or in animals that have been phloridzinized. 
Nitrogen retention under these last circumstances is not so marked as in 
well fed animals but the fact that it is still present would indicate that 
the action of the hormone is not exactly expressed by the term “growth- 
promoting’’ but that it is in some manner intimately associated with 
protein metabolism. 

Gregory, P* W., & Goss, H. Growth 3: 159. 1930. 
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MEDIATION OF GROWTH-PROMOTING EFFECTS 
BY OTHER ENDOCRINE GLANDS 

A question that always arises in considering the alterations in function 
produced by the injection of a pituitary extract is whether the effects in 
whole or in part are a result of the direct action of some constituent of 
the extract or whether thej r are a consequence of the stimulation of some 
other endocrine gland for which the extract employed contain^ a specific 
“tropic" agent. 

In the case of such a complex phenomenon as growth it may be as¬ 
sumed that there are certain conditions that must be observed before 
this can occur. Among these are an adequate supply of foodstuffs, to¬ 
gether with the necessary vitamins and minerals, and in addition at cer¬ 
tain stages of development not only an adequate quantity of hormones 
but probably the presence of these in definite proportions to each other. 
It is well known that growth may be retarded or even cease altogether 
if certain types of foodstuffs, minerals or vitamins are lacking in the diet. 
It ib also known that a cessation of growth may be caused not only by 
the removal of the pituitary but also the removal of the thyroid, ad¬ 
renals or pancreas. The reason for the cessation of growth may be very 
different in these various instances but nevertheless it becomes necessary 
to examine carefully the circumstances under which a pituitary extract 
may influence growth and to decide if possible whether the growth- 
promoting action is due to some specific effect of a separate hormone 
secreted by the gland that acts independently of all other members of 
the endocrine system or whether the stimulation of growth is not in part 
due to the simultaneous stimulation of certain other endocrine glands. 
If this were the case it might well be that the liberation of several hor¬ 
mones from the anterior pituitary in a certain proportion to each other 
could be said to constitute the effective growth stimulus. The evidence 
that has been advanced concerning the role of other endocrine gland> 
is summarized under the individual organs considered. 

THE THYROID 

Removal of the thyroid causes a virtual cessation of growth that is 
particularly marked if the operation is carried out at an early age. Fur¬ 
thermore, the injection of an excessive quantity of the thyroid hormone 
will also bring about a retardation or cessation of growth. 

Flower and Evans 37 found that young female rats dwarfed by thy¬ 
roidectomy could be made to resume growth if given A.P.E. Similar 

* 7 Flower, C. F., & Evans, H. M. Anat. Bee. 29: 383. 1924. 
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results were found with adult thyroidectomized female rat-. Smith and 
his collaborators 88 found that thyroid extract would not induce growth 
in hypophysectomized rats but the animals responded to A.P.E. 

Later, Smith 8 * reported that if both the thyroid and hypophysis were 
removed, better growth was obtained with A.P.E. if thyroid extract was 
simultaneously administered. Evans. Simpson and Pencharz’ 0 have 
repeated the earlier work of Flower and Evans and though confirming 
their observations have also found that the response to A.P.E. was 
greater if the animals were also given thyroid hormone. In their ex¬ 
periments also thyroxin failed to promote the growth of thyroideeto- 
raized-hypophysectomized animals. 

It should be noted that in all these experiments thyroidectomy was 
performed sometime after birth and evidently this is a point of impor¬ 
tance because Salmon 41 reported that if the rats are thyroidectomized at 
birth there follows not only a remarkable stunting of the animals but also 
an absolute failure to respond with a resumption of growth to the im¬ 
plantation of pituitary tissue or the injection of A.P.E. She suggested 
that the thyroid hormone is responsible for the development of the 
capacity of the organism to respond to other hoimones. 

Added interest has been given to these studies on the relation of the 
thyroid to the growth-stimulating properties of the pituitary by the work 
of Riddle and hi3 collaborators. This work may be said to have begun 
by the observation of Bates, Laanes and Riddle 42 that the administration 
of prolactin, desiccated thyroid, or thyrotropic hormone to dwarf mice 
promotes growth and that there exists a synergism, between prolactin 
and thyrotropic hormone which is sufficient to account for the growth- 
promoting effects of A.P.E. At that time these authors expressed the 
opinion that the ‘“growth hormone’’ as a separate entity did not exist. 
Further work along these lines by this group of investigators has been 
largely confined to studies of the influence of various pituitary prepara¬ 
tions on the growth and metabolism of hypophysectomized pigeons 48 and 
though their results suggest that prolactin may be of especial significance 
in its ability to maintain the appetite and promote both body growth and 
that of the intestinal organs in this species there is little to suggest that 
it has any such effect in a mammal. Indeed, Evans 44 in a spirited reply 
to their claims regarding the existence of a separate growth principle has 
pointed out that: (a) anterior pituitary extracts practically free of pro- 


8 Smith, P. Greenwood, C. P. f & Post* 

9 Smith, P. E. Froc. Soc. Exp. Biol. & Med, 


Poster, G. L. Am. Jour. Path. 3: 639. 1927. 

___ ___Js Med. SO: 1252. 19SS. 

Evans, a. M. f Simmon, M. E., & Penchars, B. I, Endocrinology 23; 175, 1939. 

1 Salmon, T. Iff. Endocrinology. 23; 446. 1938; 29; 291. 1941. 

• Bates, B. W., Laanes, T.. & Riddle, O. Froc. Soc. Exp. Biol, k Med. 33:446. 192 
3 Schooley, J. P., Biddle, O., & Bates, B. W. Am. Jour. Anst. 69: 123. 1941. 

* Evans, H. M. Proc. Aesn. Kea. Nerv. Mental Dis. 18: 175. 1936. 
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lactin and thyrotropic hormone still produce an acceleration of growth 
in both normal and hypophysectomized rats; and (b) the injection of 
purified prolactin either alone or in combination with a potent thyro¬ 
tropic extract failed to do so. White, Catchpole and Long 45 have also 
reported that their highly purified crystalline preparation of prolactin 
in doses of 4 mg. a day did not induce growth in hypophysectomized rats. 

Apart from those experiments in which an increase in body weight 
has been taken as a measure of growth-promoting activity it has been 
shown by Gaebler 46 that thyroidectomy does not prevent the nitrogen- 
retaining effect of A.P.E. in the dog. 

It may be concluded that, unless thyroidectomy is performed very 
early in life, the absence of this endocrine gland does not prevent either 
the ability of anterior pituitary extracts to induce growth nor their capac¬ 
ity to bring about nitrogen retention. Furthermore, the thyroid hormone 
is unable to induce growth in hypophysectomized animals. 

The Adrenal Cortex 

Though the evidence concerning the relation of the thyroid to the 
growth-promoting action of pituitary extracts is in general in agreement, 
the role of the adrenal cortex has not as yet been thoroughly investigated. 
The reasons for this are several and include not only the severe and rap¬ 
idly fatal deficiency that occurs following removal of the adrenals but 
also the fact that adequate replacement therapy for this deficiency is a 
recent development. Certain observations have been made, however, 
that suggest that although the growth response to A.P.E. may be re¬ 
stricted in animals deprived of their adrenals nevertheless it is still 
evident. The administration of such potent adrenal steroids as corti¬ 
costerone or ll-dehydro-17-hydroxy corticosterone does not cause 
growth in hypophysectomized rats, 47 although it is still an open question 
as to whether the use of 3uch steroids along with purified growth extracts 
would not result in better growth than if the pituitary extract alone were 
given. 48 Indeed, as mentioned above, the superiority of crude extracts 
over long periods of injection may w T ell be due to their added complement 
of adrenotropic (and thyrotropic) hormone. 

The enhancement of growth in adrenalectomized animals by pituitary 
implants has been studied by Emery and Gottsch. 49 They reported 
that female adrenalectomized rats that received pituitary implants from 

45 White, A., Catchpole, H. &.. A Long, 0. H. H. Science 86: 82. 1937. 

« Gaebler. O. H. Am. Jour. Physiol. 110: 584. 1935. 

*1 White, A., A Lone, C. N. H. Unpublished data. 

. 4# It should be pointed out that the administration of these steroids or of cortical extracts greatly 
increases the capacity of hypophysectomized rats to resist such stresses as fasting, insulin injection or 
exposure to cold. 

4 * Emery, F. A Gottsch, L. G. Endocrinology 28: 321, 1941. 
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castrated rats grew slightly faster than did their normal controls and far 
better than untreated adrenalectomized rats. Although the primary 
purpose of the investigation was to study the influence of corpora lutea 
formation on the survival of adrenalectomized rats this observation is 
of significance in indicating that pituitary implants are capable of pro¬ 
ducing better than normal growth in rats deprived of their adrenal glands. 
Furthermore, it should also be noted that the substitution of a potent 
gonadotropic extract, though effective in prolonging life, did not cause 
significant gains in weight. 

In earlier experiments with alkaline extracts Evans and hie associates 9 
noted that although these preparations did not prolong the life of adren¬ 
alectomized rats they did in some instances produce a gain in weight. 
But this gain in weight was observed in only one group of rats that sur¬ 
vived the operation for 20 days or more while those that lived less than 
this time always lost weight. Shumacker and Firor 50 have also found 
that pituitary implants do not influence the loss of weight or survival 
of adrenalectomized rats. 

In our laboratory, Miss Fry and I have frequently administered 
growth-promoting extracts to adrenalectomized and partially depan- 
creatized rats. In some animals no supportive treatment except the 
administration of 1 per cent NaCl solution as drinking fluid was given. 
In others the animals received a constant daily dose of adrenal cortical 
extract that was added to the drinking water. In general, it may be 
stated that even when the rat3 received only sodium chloride the in¬ 
jection of either crude or partially purified growth-promoting extracts 
nearly always was followed by a gain in weight. When the rats received 
a constant daily dose of cortical extracts, excellent gains in weight were 
always observed as shown in figures 2 and 3. Our experience suggests 
that although A.P.E. is effective in causing a gain in weight in the ab¬ 
sence of any cortical hormone nevertheless better responses always 
followed treatment with it. This, of course, might have been expected 
but the real point of these experiments is that, although the presence of 
some cortical hormone is necessary for a maximal response, such effects 
are not dependent on the presence of cortical cells. 

However equivocal the influence of A.P.E. on the growth of adren¬ 
alectomized rats may appear there is another line of evidence that sug¬ 
gests (provided the severe results of adrenal insufficiency are avoided) 
that the protein metabolism of such animals responds in the same man¬ 
ner, if not the same degree, as normal animals to the injections of ex¬ 
tracts that produce growth in the latter. Harrison and Long* 9 injected 

*° Shumacker, H. B. f Jr., ft Fir or, W. M. Endocrinology IS: 676. 1984, 
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farted adrenalectomized rats with A.P.E. and observed not only a fall 
in urine nitrogen of the same magnitude as found in intact animals but 
also a decrease in the blood N.P.X. It was also observed that the blood 
glucose level was decreased, particularly in the adrenalectomized rats, 
and that acetonuria was present after the injections. 

Dr. Gaebler has permitted me to cite an experiment he has recently 
carried out on a dog with thyroid, pancreas and both adrenals removed. 
The diet was kept constant and the animal received daily injections of 
insulin and cortical extract. When 100-200 mg. of a potent growth- 
promoting preparation were injected in one dose there followed a mod¬ 
erate degree of nitrogen retention which, although less in magnitude than 
that previously found by him in normal animals, was nevertheless quite 
apparent. The weight of the animal also increased slightly after the 
injection. 

The Pancreas 

It has long been recognized that the injection of insulin decreases the 
nitrogen excretion in the urine provided ample carbohydrate is supplied 
in the diet. It is also common knowledge that an absent or deficient 
supply of insulin causes cessation or retardation of growth. 

The particular interest in the role of the pancreas on the growth- 
promoting action of the anterior pituitary lies in the fact that the in¬ 
jection of crude extracts is followed by evidence of an impaired carbo¬ 
hydrate tolerance in most species and in some, particularly the dog, by 
glycosuria and ultimately a permanent diabetic state. 

Since the growth-promoting and 4 ‘diabetogenic” action are always 
closely associated in anterior pituitary extracts it is a point of consider¬ 
able interest to know whether or not these two effects are different man¬ 
ifestations of the same hormone. This point will be considered in more 
detail in a later section; for the moment the question as to whether the 
presence of an intact pancreas is necessary for the growth-promoting 
action of A.P.E. may now r be considered. 

Mirsky 51 has suggested that the nitrogen-retaining effect of A.P.E. 
is due to stimulation of the islands of Langerhans by a “pancreatotropic” 
hormone and that the increased insulin supply not only decreases deam¬ 
ination in the liver but also increases nitrogen retention (protein syn¬ 
thesis) in the muscles. If this view is correct a depancreatized a n i m al 
should show a notable failure to retain nitrogen when A.P.E. is injected. 
Mirsky believes he has demonstrated such a failure by his observations 
that A.P.E. increases the rate of accumulation of non-protein nitrogen 


51 Mirsky, I. A* Endocrinology 28; 52. 1939. 
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in the blood of nephrectomized-depancreatized dogs, but the same ex¬ 
tract given to nephrectomized but otherwise normal dogs results in a 
decreased rate of accumulation of these intermediary metabolites. He 
also supports this hypothesis by his observation that the injection of 
insulin also decreases the accumulation of the blood N.P.N. in normal, 
eviscerated and depancreatized dogs. 52 

Gaebler and Galbraith, 53 however, have canied out carefully con¬ 
trolled balance experiments on depancreatized dogs receiving a standard 
quantity of insulin and then injected with A.P.E. and conclude that an 
increased insulin output is not the immediate and only cause of the ob¬ 
served nitrogen retention although they concede that the presence of 
some insulin may be an essential condition for it. Finally, as mentioned 
above, Gaebler has shown that even if the thyroid and adrenals are 
removed in addition to the pancreas, nitrogen retention can still be ob¬ 
served after A.P.E. injection. 

Since the above was written Young 54 has shown that when puppies 
in contrast to adult dogs are treated with A.P.E. they do not develop 
glycosuria, at least not until the injections have been carried on for some 
months; but they do respond by a marked gain in weight and nitrogen 
retention. Young suggests that these changes are associated with an 
increase in the quantity of islet tissue which can be regarded as then 
secreting sufficient insulin to neutralize at least for a time the “diabeto¬ 
genic” activity of the extract. 

In view of this and other work from his laboratory, Young suggests 
that the A.P.E. contains at least two principles that influence meta¬ 
bolism: (1) a pancreatotropic hormone which increases insulin secretion 
which in turn increases nitrogen retention and causes a gain in body 
weight; and i2' a diabetogenic hormone which either suppresses carbo¬ 
hydrate oxidation or increases carbohydrate formation. 

Such a view 1 might be interpreted to indicate that the pancreatotropic 
hormone through its influence on insulin secretion was a growth-pro¬ 
moting hormone, although it is hardly likely' that the failure of hypo- 
physectomized animals to grow is conditioned by an inadequate supply 
of insulin. It seems more reasonable to conclude that continuous growth 
requires a proportionately larger supply of insulin (and other hormones) 
and that so long as this can be maintained the growth hormone of the 
anterior pituitary will continue to operate in a normal manner. If the 
secretion of insulin becomes inadequate to meet the metabolic demands 


** Miraky, I. A. Am. Jour. Physiol. 1M: 568. 1838. 

** Gaebler, O. H., & Galbraith, H. W. Endocrinology 88: 171* 
»4 Young:, V. G. Brit. Med. lour. 8: 897. 1941. 
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imposed by rapid growth, the usual consequences of such a defect be¬ 
come manifest. 


The Gonads 

Although removal of the glands may influence the growth rate to 
some extent there is ample evidence that it does not modify in any sig¬ 
nificant manner the growth response to the injection of A.P.E. It 
should be remembered, however, that Kochakian and Murlin 55 and 
Kenyon and coworkers 56 have shown that the injection of testosterone 
propionate is followed by striking nitrogen retention and a gain in weight 
in dogs and man, respectively. In the experiments on human beings 
it could be calculated that a considerable part of this gain in weight was 
due to the deposit of newly formed protein in tissues other than those of 
the genital organs. Though it is improbable that such effects could be 
demonstrated in hypophysectomized animals nevertheless these ex¬ 
periments emphasize the complexity of the endocrine relationships con¬ 
trolling growth. 


The Thymus 

Although Bomskov and Sladovic 57 claimed that the diabetogenic 
effects of the anterior pituitary are mediated by the thymus, Reinhardt, 
Marx and Evans 68 have been able to show that at least as far as the 
growth-promoting action of A.P.E. in rats in concerned, removal of the 
thymus is without effect. It may be noted, however, that in a recent 
paper Marx and coworkers 13 found that the thymus gland of hypophv- 
sectomized rats treated with a purified growth preparation grows to a 
greater degree than that of an}’ other organ examined. 

It can be concluded that, although the absence of such essential hor¬ 
mones as these of the thyroid, adrenal cortex, or pancreas may obliterate 
or greatly modify the usual growth-promoting or nitrogen-retaining 
properties of anterior pituitary extract, there is little evidence to suggest 
that either of these effects is mediated by these endocrine glands and 
consequently it would appear that there exists in the anterior pituitary 
a specific agent that directly affects the tissues and whose action results 
in an increased retention of protein and an acceleration of the growth 
rate. 


a 5 Kochakian, C. D., A Murlin, J. K. Jour. Nutrit. 10: 437. 1935; Am. Jour. Physiol. 117: 
042. 1936: Endocrinology 91:750. 1937. . . _ _ ^ ^ ^ , 

a6 Kenyon, A. T., Knowlton, K., Sandlford, I., Koch, F. C. f A Lotwin, 0. Endocrinology 
16:26. 1940. 

*7 Bomskov, C. t A Sladovic, L. Pfluger’a Arch. gee. PhywoL *43: 611. 1940. 

Reinhardt, W. O., Marx, W., A Evans, H. M. Proc. Sec. Exp. Biol, k Med. 46: 411. 1941. 
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IS THE GROWTH HORMONE A REGULATOR OF 
PROTEIN METABOLISM? 


It has been stressed that not only is true growth characterized by an 
increased rate of protein synthesis but also that the material laid down 
in the gain in weight has a rather constant composition. It has also 
been noted that many other procedures besides hypophysectomy may 
inhibit growth, but the specific effect of the anterior pituitary appears 
to be its ability either to accelerate the growth rate of a growing animal 
or to cause a striking resumption of growth in those species in which it 
has practically ceased and in which certain prerequisites such as open 
epiphyses are still present. If a resumption of skeletal growth is not 
possible because of epiphyseal closure, it has been shown that this agent 
will cause a resumption of growth in the soft tissues of the body. 

In approaching the question as to whether the growth hormone pro¬ 
duces these effects solely by virtue of its influence on certain phases of 
protein metabolism, it is well to recall: 

A. The fall in the urea and amino acid nitrogen content of the blood 
and liver begins soon after the injection of A.P.E. and persists through¬ 
out its period of action. This is also true of the decrease in the gluta¬ 
thione content of the liver and muscles observed by Gregory and Goss. 

B. Nitrogen retention and a decrease in the non-protein nitrogenous 
constituents of the blood can still be produced in fasting or phloridzinized 
animals. Under such circumstances growth Is of course not possible; 
indeed the animals are losing weight. 

C. Most of the weight gained by animals after short periods of 
treatment with A.P.E. is lost when treatment is stopped, but if treatment 
is continued progressively smaller parts of the weight increment are lost 
when A.P.E. is finally withdrawn. 59 This strongly suggests that under 
the action of this hormone protein or its derivatives are first accumu¬ 
lated in a highly labile form, but as time goes on more and more of the 
retained protein is converted into forms which are not so easily yielded 
again. 

D. The important role of the liver in protein metabolism has nat¬ 
urally directed attention to this organ as a possible site of the first action 
of the hormone. 719 It has been observed that the liver increases in size 
out of proportion to the rest of the body in animals treated with crude 
growth-promoting extracts. 60 Furthermore, the immediate changes 


fae, M. O. Proe. Assn. Res, Nerv. Mental Dis. 18: 193. 19$tt. 
t'V Doubt on the relation of the growth hormone to the increase in liver size is raised by a recent 
paper by rraenkel-Conrat, Simpson, & Evans. 61 These investigators found that purified growth 
hormone causes only a blight absolute increase and a significant relative decrease in the liver weight of 
fiypopbysec to mixed rats, whereas purified thyrotropic hormone or thyroxin bring about both a relative 
and absolute increase in liver weight. 

Fraenkel-Conrat, H. L., Simpson, M. £., & Evans, H. M. Am. Jour. Physiol. 135: 398. 

194 *. 
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in such nitrogenous constituents of tissues as amino acids, urea and glu¬ 
tathione are far more striking in the liver than the rest of the body. It 
is also known, particularly from the work of Addis, Poo and Lew b2 that 
in a 2-day fast rats lose 20 per cent of their protein but only 4 per cent 
from the rest of the body. We have frequently observed that rats when 
hypophysectomized and then immediately fasted for 2 days excrete as 
much as 50 per cent more nitrogen than intact rats. 

E. The work of Mirsky 51 indicates that nitrogen retention does not 
follow A.P.E. injection into eviscerated (liverless) animals and some 
preliminary experiments by Miss Frame in this laboratory also suggest 
that the usual decrease in blood amino acids is not elicited by A.P.E. 
in eviscerated rats 

Apart from the question as to whether the sole primary site of action 
of the growth hormone is in the liver, a fairly reasonable hypothesis can 
be advanced that the participation of this agent in the growth process 
is due to its influence on protein metabolism. The nature of this effect 
is quite unknown but in general terms it is expressed either by an in¬ 
creased rate of formation of proteins or their immediate derivatives or 
by an inhibition of the rate of protein catabolism. 

There are certain other implications of this statement that are of 
interest. The hypophysectomized animal not only has a disordered 
metabolism that is a consequence of the absence of the growth hormone 
but also exhibits the characteristic changes that follow hypofunetion of 
other endocrine glands. The injection of a growth preparation freed 
from the tropic hormones may be expected to cause nitrogen retention 
and initiate growth but it is still a very open question as to whether such 
growth could be long continued if such organs as the adrenal cortex and 
thyroid w'ere unable to increase their output of hormone to meet the 
increased demands placed on the organism by a continued increase in 
size. Questions such as this lead one to wonder whether the use of the 
term “growth" hormone for this pituitary agent does not place too great 
an emphasis on this particular agent as the only hormonal factor that is 
necessary for growth to occur. There is no doubt of its importance and 
probably little doubt that it is a separate entity but nevertheless as our 
knowledge of its sphere of influence is more fully defined it seems entirely 
probable that some other designation will ultimately be assigned to it 
than the one used at the present time. 

When most animals reach a certain age growth practically ceases. 
Is it to be assumed that under these conditions the growth-promoting 
activity of the anterior pituitary is in abeyance? There is good evidence 

Addis, T., Poo, L. J., & Lew, W. Jour. BioL Chem. llff: 1X7. 1936 , 



406 


AXXALS XEW YORK ACADEMY OF SCIEXCES 


that the growth hormone content of the gland is not greatly different 
in adult animals from that found in young animals at their most rapid 
period of growth. The answer to this may lie in the fact that protein 
metabolism is never in a stationary state and that the difference between 
young and adult animals is that in young animals protein synthesis is 
greater than protein breakdown, but in adult animals a fairly exact 
balance has been struck between the two. The work of Schoenheimer 
and Rittenberg* 3 has clearly indicated that a constant exchange is going 
on between the nitrogen derived from the diet and that of the tissues and 
that, far from being the “building blocks” of living cells, the protein 
molecules are continually undergoing transformation. Furthermore, 
the rather exact balance in protein metabolism maintained in adult 
animals suggests the existence of factors capable of regulating both the 
anabolic and catabolic phases. 

The evidence outlined above indicates that the growth hormone of the 
anterior pituitary is one of these regulatory factors and that its operation 
displaces the metabolism so that protein retention occurs. Such a dis¬ 
placement operates during the period of growth but in later life either 
its influence is less intense or other factors that accelerate protein cata¬ 
bolism come into greater prominence. Indeed, there is already some 
evidence that the secretions of the adrenal cortex influence protein 
metabolism in an opposite manner to that of the pituitary growth factor. 
Since, however, the functional activity of the adrenal cortex itself is 
controlled by the anterior pituitary this organ can adjust the protein 
metabolism within a wide range. 

In spite of these generalizations it must be frankly admitted that little 
is really known of the mechanism of action of the growth hormone and 
to couple it with the problem of protein synthesis merely transfers the 
question to another field in which only fragmentary knowledge is avail¬ 
able. Nevertheless, the continued study of this unique hormone may 
ultimately prove to be exceedingly valuable in this most difficult field 
of biochemistry. 

In conclusion, it should be noted that Paschkis 64 and Paschkis and 
Schwoner 65 suggest that the factor which produces a decrease in the non¬ 
protein nitrogen of the blood is not identical with that which promotes 
growth. The main point of differentiation appears to be that gelatine 
feeding still produces a fall in the N.P.N. content of the blood of pitui¬ 
tary dwarfs who, of course, do not grow\ In my opinion stronger evi¬ 
dence than this will be required to establish the separate identity of the 

•* Schoenheimer, & Wittenberg, D. Physiol. Rev. SO: 918. 1940. 

e * PaseMde, K. E. Endocrinology S3: 363. 1933. 

Paschkis, K. B. f & Schwoner, A. Endocrinology 36: 117. 1940. 
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Figure 4. Endocrine control of protein metabolism. 


two hormones. In figuee 4 is shown the endocrine factors that appear 
to regulate protein metabolism and their possible points of action. 

ASSAY OF THE GROWTH HORMONE 

The two universally used methods for the assay of the growth hormone 
are (a) the gain in weight produced in plateaued female rats and tb) the 
resumption of growth and consequent gain in weight of hypophysecto- 
mized rats. Both methods are laborious and time-consuming, particu¬ 
larly the latter, but at present they are the only methods that permit a 
reasonable degree of accuracy. 

Evans and his colleagues 156 have undoubtedly had the most extensive 
experience in the assay of growth-promoting extracts. In their work 
they have used plateaued female rats in groups of 6 or more animals and 
judged the response by the average weight gained over a period of 20 
days with 17 injections. The unit of activity was defined as the amount 
of material producing an average gain of 40 gm. in body weight per rat 
in this period. Their data show a linear response between growth and 
dose over a twentyfold increase in the material administered. Other 


#8 Muz y W., Simpson, M. S., & Evans, H, M. Endocrinology 30:1. 104ft. 
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investigators have used shorter periods of injection, some as short as 3 
days, but as Evans points out the slope of the dose-response curve in¬ 
creases up to 15 days and consequently a longer period insures greater 
accuracy. Also in our laboratory we have frequently observed that 
temporary gains in weight (water retention ?) are not uncommon after 
the injection of the cruder extracts which probably contain appreciable 
amount** of posterior lobe hormones and possibly others such as the 
adrenotropic hormone which may also influence the electrolyte and water 
balance. 

Many investigators have preferred to use the hypophysectomized 
rat as a test object. To supply and maintain sufficient numbers of these 
animals is no easy matter, although for 4 ‘spot” tests of growth- 
promoting activity they can be advantageously used since a weight 
increase can usually be detected after only a few injections of an active 
preparation. They are also probably 10 times as sensitive as intact 
animals. Van Dyke and Wallen-Lawrence 67 have devised a method of 
assay in which only 3 daily injections are given. Although this method 
does not yield good quantitative results, it is undoubtedly useful for 
following the growth-promoting activity when fractionation of pitui¬ 
tary extracts is being carried out. 

The majority of those who have used hypophysectomized rats for 
assay purposes have carried the injections over longer periods (7-20 
days) and most workers have defined their unit of activity as the 
quantity of material that will produce an average gain of 1 gm. a day 
for the period chosen. It goes without saying that in carrying out these 
tests the ordinary precautions regarding biological assay must be 
observed. Among these are: the use of animals of a uniform age and 
strain who have been raised under identical conditions of diet and 
environment; the use of a sufficient number of animals at each dose 
level tested and the use of dose 5 ! of the active principle that are sub- 
maximal in their effects; finally, although this is perhaps the most 
difficult to meet at the present time, in the case of the growth hormone 
the simultaneous injection of comparable groups of animals with a 
standard preparation of the material under test. 

Observing such precautions Bulbring 68 has been able to show that 
for an injection period of 7 days there is a linear relationship between 
the gain in weight and the logarithm of the dose when 6 hypophysec¬ 
tomized rats are used in each group. She further notes that the response 
is not so uniform if the animals are used more than once. 

)* 7 Van Dyke, H. B. t & WaUen-Lawrence, Z. Jour. Pharmacol. & Exp. Therap. 40: 413. 1930. 

os BiUbrmg, K. Quart. J. Pharm. & Pharmacol. 11:26. 1988. 
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In the past there has been some discussion regarding the relative 
merits of the plateaued female rat and the hypophyseetomized rat a& 
test objects for growth-promoting activity 69 and, although there i& 
much to be said in favor of the latter, the recent studies of Evans and 
his colleagues have shown that normal rats can be u&ed as successfully 
as hypophyseetomized ones. They also have the added advantage of 
possessing an intact endocrine system, a fact which as Evans states 
may be of importance as the purification of the growth-promoting 
activity is achieved. 

Freud, Levie and Kroon 22 and Freud and Levie 70 have advocated a 
different method of assay that is based on their observation that growth 
of the tail vertebrae ceases after hypophyseetomy but can be made to 
resume by injecting growth hormone. They indicate that treatment 
must be started soon after operation, otherwise the epiphyses will be 
closed and no response can then be obtained. They advocate the mea¬ 
surement of the tail length, preferably in skiagrams, as an index of 
growth promotion. Probably owing to the war no extensive quantitative 
data have been available for study, but Evans points out that in the 
experience of his laboratory tail growth continues for some time after 
hypophyseetomy in young rats and that in any case measurement of 
tail length is no more accurate, if as accurate, as measurement of body 
weight. The further claim of Freud and his collaborators that the 
specific effect of growth hormone is a chondrotropie one is commented 
on elsewhere. 

Attempts have been made to use certain alterations in the constitu¬ 
ents of blood and tissues as a measure of growth-promoting activity; 
among these is the decrease in glutathione content of the liver after 
A.P.E. injection. Lee 69 commented that he found this method rather 
impractical and also stated that similar results followed an attempt to 
use the decrease of urea, amino acid, nitrogen, etc., in the tissues. 
But if it is ultimately shown that the same agent is responsible both 
for growth stimulation and the alterations in nitrogen metabolism, it 
would seem worthwhile to investigate more thoroughly the question as 
to whether some phase of protein metabolism might not be adopted as 
an assay method since there would be a considerable saving of time 
by the use of metabolic changes extending over a period of hours 
instead of days. 

6s Chou, C., Chang, C., Chon, G., A Van Dyke, H. B. Endocrinology tl: Sii. 1938. 

to Fraud, J., A Levie, J. Arch, internal pharznacodyn. et therap. 59: &££• 1938. 
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PURIFICATION OF THE GROWTH HORMONE 

The problem of the isolation of the growth hormone of the anterior 
pituitary is of interest not only because the preparation of the hormone 
in such a form would permit its chemical characteristics to be determined 
but also because it would then be possible to determine how many other 
metabolic activities were associated with the gland. 

Although at the present time this desirable goal has yet to be achieved 
considerable progress has recently been made, so that now certain general 
statements can be made concerning its chemical characteristics. The 
substance is either a protein or a closely related protein derivative. It 
is destroyed by heat, inactivated by proteolytic enzymes and precipitated 
by the usual protein preeipitants. It possesses a limited pH stability, 
being inactivated by strong acid solutions but is more stable in alkaline 
solutions. Consequently, the methods employed to extract the hormone 
from the gland have usually begun with the use of mildly alkaline or 
neutral solutions. Evans and his colleagues have employed Ba(OH) 2 
or Ca(OHji[ since these metals are easily removed. Others have used 
XaOH and Bonsnes and White 71 used 2 per cent NaCl solutions. Such 
initial extracts contain not only a major part of all the pituitary hormones 
but also considerable quantities of inert proteins. With such extracts 
a large part of the work on the phenomenon of growth promotion and 
other phases of anterior pituitary physiology has been done, but it is well 
to remember the essential crudity of composition of these extracts. 

Further purification of the growth (and other principles) has followed 
the usual methods employed for the fractionation of protein mixtures: 
ta) precipitation with Xa>S0 4 or (NH^sSOo and (b) isoelectric precipi¬ 
tation. 

Thus Van Dyke and Wailen-Lawrence® 7 adjusted the alkaline extract 
to pH 7.2 and added XaoS0 4 to make the final concentration 20 per cent. 
The precipitate contained all the growth-promoting activity. The 
Xa 2 S0 4 precipitate was then dialyzed free from inorganic salt and the 
resulting solution adjusted to pH 4.8, the precipitate discarded and the 
supernatant was used both for animal and clinical studies. Bugbee, 
Simond and Grimes 72 also used the globulin fraction precipitated by 
XasSOi as their working solution. Extracts of this type, however, un¬ 
doubtedly contain other pituitary hormones. 

Evans and his colleagues have published a number of papers during 
the last 10 years on the purification of this hormone. In their first paper 9 
there are extensive data on comparative methods of extraction and some 

” Bonsnes, B. W., & White, A. Endocrinology *6: 980. 1940, 

7J Bugbee, S. Simond, A. E., & Oilmen, ft. M. Endocrinology IS: 41. 1991. 
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of the properties of the hormone. In 1938 they reported 73 the use of 
(NHi)J30 4 as a precipitating agent for the hormone. The alkaline ex¬ 
tract was progressively precipitated by increasing the (NH 4 ) 2 S0 4 con¬ 
centration in steps from I5 to saturation. The lower concentration 
did not precipitate the growth activity but half saturation did. This 
precipitate was freed from a good deal of inert material by repeated 
re-solution and precipitation but the final ‘1/ precipitate still contained 
considerable quantities of lactogenic, thyrotropic and gonadotropic hor¬ 
mones in addition to the growth hormone. The relative distribution 
of the 4 hormones had, however, been considerably altered from that 
found in the original extract. 

From this £ L’ fraction considerable quantities of gonadotropic hor¬ 
mone could be removed by extraction with 5-10 per cent NaCI in which 
it is much more soluble than the growth hormone. To remove the larger 
part of the lactogenic hormone either extraction with 0.1 saturated 
(NHO1SO4, in which it is more soluble than the growth hormone, or treat¬ 
ment with bromine water was employed. The last procedure precipi¬ 
tates the lactogenic hormone, and the growth principle can be recovered 
by saturating the supernatant with XaCl. Efforts to remove all the 
thyrotropic hormone were not too successful but a few preparations 
were obtained that contained only small quantities of this activity. 

The whole procedure gave about a 70 per cent jield of growth hormone 
but the increase in potency of only fivefold was somewhat disappointing 
since so much of the other hormones had been removed. 

In their most recently published paper 74 these investigators have in¬ 
troduced treatment of the “globulin’ 5 fraction precipitated by (NEWaSCh 
with cysteine as a method of removing other hormones. To employ 
this, concentrated protein solutions (5-7 per cent) are treated with alka¬ 
line cysteine solution at room temperature for 1-2 days. The precipitate 
that forms is removed and the growth hormone isolated from the super¬ 
natant. This preparation contained 15.7-16.3 per cent nitrogen and 
practically no glucosamine in contrast to the gonadotropic hormone. It 
had about twice the growth activity of the k L J fraction but still possessed 
considerable adrenotropic activity. It is of particular interest that this 
preparation lowered the respiratory quotient of glucose-fed rats and also 
stimulated ketogenesis. 

Both these procedures, though producing some increase in potency, 
appear to be directed more toward removal or inactivation of other 
hormones than actually effecting an isolation of the growth principle. 


73 Evans. H. M., Uyei, N., Barts, Q. B.» & Simpson, M. X. EndocriBdoyySS: 48S. IMS. 

7 4 Fraenkel-Conrat, H. L., Moamber, D. L., Simpson, H. X., a Brans, H. ts Endocrinology 
37: 603. 1040. 
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Collip, Selye and Thomson 75 extracted the glands with 1 per cent 
XaOH or XH 4 OH. The mixture was acidified with acetic acid and fil¬ 
tered; the residue was re-extracted with alkali and the acidification was 
repeated. The combined supernatants were made alkaline with 1 per 
cent XH 4 OH and sufficient quantities of calcium chloride and sodium 
phosphate were added to form a suspension of calcium phosphate. 
Ammonia was removed by vacuum distillation and the calcium phos¬ 
phate was collected and extracted with 0.5 per cent XaOH. This alka¬ 
line extract was adjusted to pH 6.5, made alkaline with XH 4 OH and con¬ 
centrated in vacuo . A precipitate settled out at pH 7.5-8.0 which was 
removed and extracted with alkali. This solution was neutralized and 
proved to have marked growth-stimulating properties. Such extracts 
were free of gonadotropic and thyrotropic hormone but contained 
prolactin. 

Dingemanse 76 and Dingemanse and Freud 77 have used somewhat dif¬ 
ferent procedures to produce an active growth preparation which they 
claimed is free from lactogenic and thyrotropic hormones. The material 
is absorbed on ‘‘Xorite” from alkaline extract of acetone-dried glands. 
The hormone was elicited from the “Xorite” with liquid phenol. This 
solution was poured into alcohol-ether and the precipitate collected. 
Empirical analysis showed a typically protein composition. They stated 
that the hormone is destroyed by heat, strong acids and alkalis, and is 
inactivated by proteolytic enzymes. They also stated that the active 
principle is ultrafilterable through collodion membranes of 30/x porosity. 
Xo lactogenic, thyrotropic, gonadotropic or adrenotropic activit} r could 
be detected at 30y levels which was about 3 times the quantity required 
to produce a gain of 1 gm. a day in hypophysectomized rats. 

In the earlier paper 77 these investigators also stated that quite an 
active growth preparation can be obtained by simply dialyzing a weak 
alkaline extract through collodion. After treatment of the dialysate 
with “Xorite,” active preparation was obtained that contained only 
4.84 per cent i?) of nitrogen. 

It should be noted that the claims for such a high degree of potency 
of this preparation could not be substantiated by Evans 44 and that 
Sehooley, Riddle and Bates 43 stated that a preparation obtained from the 
Amsterdam laboratory contained detectable quantities of prolactin and 
traces of thyrotropic and gonadotropic activity and that in a daily dose 

75 Collip, J. B., Selye, H., & Thomson, D. L. Froc. Soc. Exp. Biol. & Med. 30; 544. 1933. 

78 Dingemanse, S. Kongressbencht deg XVI Internationalen Fbysiologen Kongrees. Frei Ver¬ 
bal sung bchueix. Pbvsiolosen. Zurich. 1938. p. 320. 

77 Dingemanse, & Freud, JT. Act* brev. Neerland. 5: 109. 1935. 
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of 0.1 mg. it did not stimulate growlh in hypophyseotoinized piston* 
which was a marked contract to the effect of 0.067 mg. of prolactin. 

Fevold and coworkers 73 have reported a method by which 5 antenoi 
lobe hormones can be separated into 3 different protein fraction-. When 
precipitation of a pH 8 extract was carried out at pH 5.4 in the presence 
of 0.25 m (XH 4 ) 2 SOi the growth, lactogenic, thyrotropic and gonado¬ 
tropic hormones remained in the solution. The growth hormone wa- 
then precipitated by addition of (XHjbSOj to 1.8 m concentration. Teel 74 
had previously reported precipitation of the growth activity by 1.4 m 
X&2SO4. The precipitate obtained, after removal of fXH t > 4 S( ) 4 , was 
extracted with 0.25 m (XHOsSCb at pH 7.0. The solution was adjusted 
to pH 5.4 and an inert precipitate removed, the solution being rapidly 
readjusted to pH 7.0. From this the globulins were slowly precipitated 
by allowing (XHi^Sfb to diffuse into the solution. This precipitate 
was again extracted with 0.25 m (XKdsSCb and the procedure was re¬ 
peated. Finally, a product was obtained that assayed 115 growth units 
per mg. which the authors stated represents a concentration of 160-fold. 

White and Bonsnes stJ made use of the ultracentrifuge in preparing 
growth extracts. A 2 per cent XaCl extract of beef anterior lobes was 
adjusted to pH 5.5, the precipitate discarded, and the supernatant ad¬ 
justed to pH 4.9. The resulting precipitate was dissolved, adjusted to 
pH 7.4 and ultracentrifuged for 2 hours at 750 r.p.s. (142,000 g.h The 
supernatant fluid was removed from any sedimented material and the 
pH adjusted to 4.9. The precipitate, although still containing ^recog¬ 
nizable quantities of other pituitary hormones, had a marked growth- 
promoting activity in hypophvsectomized rats. 

In table 3 are listed some of the preparations outlined above, together 
with an estimate of the quantity of material or nitrogen required to pro¬ 
duce the unit response in either normal plateaued female or hypophy- 
sectomized rats. It will be observed that several groups of investigators 
have obtained preparations in which approximately 10 to 20 7 of the 
solid material, containing 1 to 2 7 of nitrogen, when administered daily 
lo hypophysectomized rats would produce a gain of 1 gm. a day. Xone 
of these preparations can be considered to represent an isolation of the 
growth hormone in pure form, since they are either contaminated with 
other active principles or else still contain inert protein material. 

7 * Fevold, H. L., Lee, M. O., Hisaw, F. L., & Colin, X. J. Encodrinology 2$: 999. 1940 

™ Teel, H. M. Science 69: 405. 1930. 

K0 White, A., & Bonses, B. W. I npuMMieri date. 
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METABOLIC CHANGES INDUCED BY ANTERIOR 
PITUITARY EXTRACTS 

A large number of alterations in many phases of metabolism have been 
reported to follow the injection into normal animals of anterior pituitary 
extracts of various types. Indeed, so many observations have been re¬ 
ported that it is not an easy matter to present any coherent explanation 
of the series of events that occur. These difficulties arise by reason of 
the fact that the anterior pituitary secretes not only hormones that in¬ 
fluence the tissues directly but also those that exert their effect by stim¬ 
ulating other endocrine glands. 

It may be stated that there are four possible ways in which an anterior 
pituitary extract may influence the metabolism of the organism: 

A. By those hormones whose secretions act directly on the tissues; 
this effect may be one involving practically all the tissues or may be 
limited to certain organs. Examples of this type are probably the 
growth and lactogenic hormones. 

B. By the stimulation of other endocrine glands through the specific 
tropic hormones contained in the extract. Examples of these are the 
thyrotropic and adrenotropic hormones. Since the effects that follow 
the action of tropic hormones are due to the particular hormones they 
liberate, it follows that for an understanding of this particular type of 
pituitary action we must have information regarding the mode of action 
of such glands as the thyroid and adrenal cortex. Although much in¬ 
formation of this character is available it is by no means complete, so that 
often considerable doubt exists as to whether a particular effect is at¬ 
tributable to their action. 

C. The third possibility is one that docs not directly involve either 
of the two foregoing types of pituitary hormones. It is that the altera¬ 
tions in metabolism produced by an anterior pituitary extract may ul¬ 
timately involve an alteration in function of another endocrine gland 
which itself is not directly under the control of the anterior pituitary. 
The best example of this kind is the behavior of the insulin-secreting 
cells of the pancreas. 

D. Finally, to render the situation &till more complicated, the long- 
continued injection of anterior pituitary 7 extracts may induce a condition 
in which the animal will neutralize^not only the active principles in the 
extract injected but apparently also the secretion of his own pituitary. 
Thus, Severinghaus and Thomson 4 * 1 have reported that the long-con¬ 
tinued injection of such extracts into dogs leads to atrophy of the gonads 

81 Severlnghaus, A. £., & Thomson, E. W. Am. Jour. Path. 15:301. 1930. 
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and thyroid, and the occurrence of characteristic changes in the animal's 
pituitary. Consequently, such animals, far from exhibiting the meta¬ 
bolic changes associated with hyperthyroidism, actually showed those 
associated with hypofunction of this gland. 

In view of all these possibilities it is not surprising that what amounts 
to despair has colored much work in this field. Some investigators have 
chosen to assume that each newly observed metabolic aberration was due 
to the operation of a specific metabolic hormone so that it is quite easy 
to compile a long list of ‘‘metabolic” hormones which on my last count 
had reached a total of 9 and which if added to other known active prin¬ 
ciples places this organ in a class by itself, for although many steroids 
have been isolated from such endocrine glands as the adrenal cortex and 
gonads only a small number have biological activity. 

It is my opinion that the number of “metabolic” hormones is much 
smaller than has been suggested, but before discussing this further it 
would be well to review- briefly the major changes in metabolism that 
follow the injection of crude anterior pituitary extracts into normal 
animals. 

(1) General metabolism 

(a) Increased basal metabolic rate, 
lb) Growth. 

(2) Carbohydrate metabolism 

(a) In fasted animals A.P.E.decreases the blood glucose content, 
ib) In fed animals, particularly those fed carbohydrate, A.P.E. 
produces hyperglycemia, a depression of the respiratory quo¬ 
tient and an increased accumulation of muscle and liver glycogen 
(glycostatic action). In the dog the effects are much more 
pronounced. Glycosuria occurs and if the injections are long 
continued a permanently diabetic state is established (diabeto¬ 
genic action). 

(c) A.P.E. produces an increased resistance to the hypoglycemic 
action of insulin (glycotropic action). 

(d; In the rat A.P.E. brings about an increased insulin content 
of the pancreas but in the dog there follows a rapid decrease 
in insulin content. 

(3) Protein metabolism 

(a) In fed, fasted or phloridzinized animals a single injection 
of A.P.E. is followed by a decreased nitrogen excretion in the 
urine and a decrease in the non-protein nitrogen content of the 
blood. 

(b) With continued injections of A.P.E, animals exhibit a gain 
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in weight which is characterized by a greater proportion of water, 
ash and protein retention and a smaller proportion of fat than 
are found in pair-fed untreated animals. 

(4) Fat metabolism 

(a) In fasted animals A.P.E. causes an increased rate of fat 
catabolism as is shown by an increased content of acetone bodies 
in the blood and the occurrence of acetonuria (ketogenic action). 
This also occurs in fed dogs but is not so marked in other species. 

(b) There is also an accumulation of liver fat and a decreased 
fat content of the carcass. 

( 5 ) Salt and water metabolism 

(a) Diuresis. 

(b) A retention of potassium, phosphorus and calcium elements 
associated with the growth of the tissues and skeleton. 

In attempting to interpret these changes in terms of the various hor¬ 
mones and metabolic interrelationships that are involved it is an advan¬ 
tage to consider them in terms of the various ways suggested above in 
which the anterior pituitary hormones may influence metabolism. 

METABOLIC EFFECTS ELICITED BY TROPIC HORMONES 

The Thyroid 

The increased basal metabolism that follows A.P.E. injection is due 
at least in part to thyroid stimulation. Certain reservations must be 
made even for this statement. In fed animals the increase in oxygen 
consumption occurs soon after the A.P.E. is injected and is not prevented 
by removal of the thyroid. 46 • S2 ’ 83 The slower increase, occupying several 
days, which is characteristic of the thyroid hormone itself is abolished 
by a thyroidectomy prior to the injection of A.P.E. 

Hypophysectomized rats have a decreased intestinal absorption rate 
of glucose 84 and the same was shown to be true in thyroidectomized rats. 85 
Russell 86 demonstrated that the defect in hypophysectomized rats was 
due to thyroid hypofunction by showing that treatment of these an ima ls 
with thyroxin restored the absorption rate to normal and increased the 
basal metabolic rate without, however, correcting the other metabolic 
deficiencies of these animals. Single injections of A.P.E. into normal 
animals over short experimental periods does not alter the glucose ab- 

82 O’Donovan, D. K., a ColUp, J. B. Endocrinology S3: 718. 1938. 

*3 Riddle, O., Smith, G. C., Bates, R. W., Moran, C. S., a lahr, *. L. Endoennolofj SO: 1. 
1936. 

84 Phillips, R. A., a Robb, P. Am. Jour. Phyriol. 109: 82. 1934. 

85 Althausen, T. L. a Stockholm, M. Am. Jour. Physiol. 113: 577. 1938. 

48 Russell, J. A. Am. Jour. Physiol. 1*1: 547. 1938. 
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sorption rate ob since there is not time for the hyperactivity of the thyroid 
to be exerted. It is to be anticipated, however, that after longer periods 
of treatment an increased rate of absorption would be observed. 

There are, of course, other effects of thyroid stimulation which will 
become more manifest the longer the time of treatment with A.P.E. For 
example, Fraenkel-Conrat, Simpson and Evans 59 have shown that a 
marked absolute and relative increase in liver size follows treatment of 
rats with purified thyrotropic hormone. It was also demonstrated that 
an increased liver size follows the injection of purified adrenotropic hor¬ 
mone but growth preparations freed of these two substances bring about 
a relative decrease in liver size. Since whole pituitary extracts cause an 
increase in liver size JS this work furnishes a good example of the clarifica¬ 
tion of the problem that will follow’ the successful separation of the 
various pituitary factors. 

The Adrenal Cortex 

The role played by the adrenal cortex in the regulation of metabolism 
has remained very obscure until recent years. It is now known that 
this gland is not only a regulator of the salt and wrater balance of the body 
but also through some of its hormones, notably those of the cortico¬ 
sterone type, it exerts an influence on protein and carbohydrate meta¬ 
bolism. These last effects are as follows: (1) Injection into fasting 
animals increases to a marked degree the liver glycogen content and to 
a less degree the blood glucose level, the muscle glycogen remaining 
unchanged. (2) Coincident with the absolute increase in the carbo¬ 
hydrate content of the body there is an increase in urine nitrogen. This 
increased quantity of protein catabolism is sufficient in magnitude to 
account for the extra carbohydrate found. 87 In other words, gluconeo- 
genesis from protein is stimulated by these hormones which in turn im¬ 
plies that under their influence the rate of protein catabolism is increased. 
This interpretation of the action of these hormones finds support in cer¬ 
tain characteristics of the metabolism of adrenalectomized animals 
which in turn have much in common with those observed to follow hy- 
pophvsectomy. 

When fasted both hypophysectomized and adrenalectomized animals 
develop hypoglycemia, the former, however, more rapidly and to a 
greater degree than the latter. Both have a much reduced liver glycogen 
content but adrenalectomized animals maintain their muscle glycogen 
fairly w r ell, but those of hypophysectomized animals are rapidly depleted. 
This last fact, together with the high rate of carbohydrate utilization of 

Lonff, C. 2f. H., Katrin, B., & Fry, B. G, Endocrinologj 26: 309. 1940. 
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the latter constitutes a very significant difference* in the metaboli-m of 
the two types of endocrine deficiency and indicates that not all the defects 
in carbohydrate metabolism after hypophy-ectomy are to be attributed 
to adrenal cortical hypofunction. 

Both preparations exhibit significant defects when placed under con¬ 
ditions which normally invoke an increased rate of protein catabolism 
and glyconeogenesis. Among these are exposure to cold, pyrogenic 
agents, pancreatic diabetes, phloridzin diabetes, exposure to low oxygen 
pressures and, finally, such a comparatively mild circumstance as fasting. 
In all these instances not only is the rate of protein catabolism, as mea¬ 
sured by the nitrogen excretion, significantly lower than normal but also 
the rate of gluconeogenesis as measured by the carbohydrate levels of 
the body or glycosuria. Indeed, the profound hypoglycemia and de¬ 
pletion of carbohydrate stores that occur in fasting hypophysectomized 
rats may be prevented by the administration of adrenal cortical hormones. 

One point of difference in the behavior of the protein metabolism in 
these two glandular deficiencies should, however, be noted. Immediately 
after hypophyseetomy in rats there is a greatly increased rate of nitrogen 
excretion, but after adrenalectomy the output is much less than normal.^ 
If the hypophysectomized rats are tested some time after the operation, 
however, an actual reduced nitrogen excretion may be observed, possibly 
due in part to the ensuing adrenal atrophy and in part to the depletion 
of, and inability to restore, any depot protein. These observations not 
only emphasize the complex character of the metabolism after hypo- 
phvsectomy but also indicate the biphasie character of the endocrine 
control of the protein metabolism. 

Another fact in common to hypophysectomized and adrenalectomized 
animals is their extreme sensitivity to insulin. Furthermore, the hypo¬ 
glycemic action of insulin in normal animals can be greatly reduced or 
abolished by the injection of A.P.E. (glvcotropic action;. Jensen and 
Grattan 158 have shown that the injection of cortical extract or adrenal 
steroids of the corticosterone type will also abolish the convulsive action 
of insulin in mice. Finally, they were able to show that the same result 
could be obtained by treatment of the animals with a fairly w T ell purified 
adrenotropic preparation. Consequently, they suggested that the 
k ‘glvcotropic 11 hormone of the anterior pituitary w r as identical with the 
adrenotropic hormone and that the protective action w r as due to the 
liberation of the adrenal cortical steroids. These increased the avail¬ 
able carbohydrate of the body by increasing the liver glycogen and thi« 
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ill turn modelated the hypoglycemic action of injected insulin. It might 
be pointed out, however, than an anti-insulin action of A.P.E. could also 
lie achieved by an agent that inhibited glueobe utilization in the tissue^ 
so there the possibility that two types of “glyeotropic” action are in¬ 
voked by crude A.P.E., although, as will bo shown, there is also evidence 
that certain adrenal steroids inhibit carbohydrate utilization in the 
peripheral tissue-. 

One of the most dramatic consequences of the injection of anterior 
pituitan extiacts into fed animals, particularly dogs, is the develop¬ 
ment of hyperglycemia and glycosuria accompanied by other signs of 
the diabetic state such as the occurrence of acetonuria. In other species 
this“diabetogenic 11 action is less marked but nevertheless can be detected 
by such procedures as the measurement of the respiratory quotient or 
glucose tolerance curve; both of which indicate that under the influence 
of A.P.E. there is a marked depression of the ability of the organism to 
utilize earbohvdiate. The counterpart of the “diabetogenic’ 1 action of 
A.P.E. is the alleviation of a total pancreatic diabetes by hypophysec- 
romy —-the Hous^ay phenomenon. Though it has been maintained that 
both the “dialietogenic 11 and Houssay effects were not mediated by other 
endocrine glands, Long and Lukens 90 were able to show that adrenalec¬ 
tomy also alleviated a total pancreatic diabetes to a comparable degree. 
In addition, Long, Katzin and Fry* 7 found that the diabetes of partially 
depanereatized rats could be aggravated by adrenal cortical steroids of 
the corticosterone type. Finally, Ingle 91 has been able to produce pro¬ 
fuse glycosuria in a normal rat injected daily with 11 -dehydro-17-hydroxy 
corticosterone. 

These experiments not only suggest that a large part of the “diabeto¬ 
genic 1 ’ activity of the anterior pituitary is mediated by the adrenal cortex, 
but that this endocrine gland is capable of stimulating gluconeogenesis 
in the liver and of inhibiting glucose utilization in the tissues. It might 
be noted that these two effects have long been regarded as the character¬ 
istic disturbances of diabetic metabolism. 


ANTERIOR PITUITARY FACTORS ACTING DIRECTLY ON 

THE TISSUES 


If we exclude the possibility that all of the “diabetogenic 1 * action of 
A.P.E. is exerted <Urectly on the tissue^ we must still consider what hor¬ 
mones of this gland are to be regarded as exerting their full effects in this 
manner. Of these the lactogenic and growth-promoting hormones are 
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the only ones that are sufficiently well defined, although even in the case 
of these hormones it has been shown that the presence of certain othei 
hormones is necessary for their complete action. 

The fact that extracts containing the growth hormone reduce the quan¬ 
tity of protein undergoing catabolism implies that the organism must 
shift to some other foodstuff to replace the calories lost by this reduction 
in the proportion of protein in the metabolic mixture. One might antic¬ 
ipate, therefore, that the injection of growth-promoting extracts would 
increase fat catabolism which under suitable conditions would give rise 
to acetonemia and acetonuria as well as increasing the quantity of the 
liver fat. It will also be recalled that in the experiments of Lee and 
Schaffer the treated animals gained more protein and less fat than the 
controls, indicating again that the burden of supporting the metabolism 
had been shifted to fat. When to this effect of growth hormone is added 
the effects of an agent that can inhibit carbohydrate utilization it can 
well be realized that the readjustment in metabolism produced by A.P.E. 
greatly increases fat catabolism so that it may be suggested that the 
ketogenic action of such extracts is not directly related to any pituitary 
agent that controls fat metabolism exclusively, but is a result of changes 
induced by those agents that control other phases of metabolism. 92 

It may also be pointed out in connection with the experiments of Lee 
and Schaffer that the increased gain in protein by the treated rats was 
not isocalorically equivalent to their increased utilization of fat. The 
treated group of animals had an excess of 141 gm. of protein equivalent 
to 578 cal. while they had utilized 119 gm. more fat than the controls 
which is equivalent to 1095 cal. Whether this difference is due to an 
increase in the basal metabolic rate of the treated group or whether it 
it may be taken to imply that there is some more significant relationship 
between protein synthesis and fat utilization are matters for conjecture. 
It is evident, however, that such an increased quantity of protein syn¬ 
thesis must require a considerable expenditure of energy and this may 
well have to be met by the combustion of a substance that is not only 
available in large quantity but also has a high calorific value. Since we 
are ignorant of so many phases of protein synthesis the suggestion that 
fat utilization Is intimately coupled with this process may be worth fur¬ 
ther study. 

In fasting animals the injection of A.P.E. also reduced protein cata¬ 
bolism. Since during fasting the amino acids furnish the sole source of 
glucose, it is noteworthy that such injections produce not hyperglycemia 


. 92 CampbeU, J., & Keenan, H. C. Am. Jour. Physiol. 131: 27. 1W0, state that the pituitary 
factor that inereaw the liver fat of mice is not identical with the ketogenic activity of the extract. 
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but hypoglycemia in fasting rats. 29 Evidently the decreased quantity 
of protein available for conversion into glucose reduces the general level 
of the blood glucose. In fasting adrenalectomized rats whose capacity 
for glueoneogenesis is already impaired, the injection of A.P.E. and the 
resultant reduction in protein catabolism result in such low glucose levels 
that severe hypoglycemic shock frequently follows such treatment. 
Here again it would seem unnecessary to suggest, as some have done, 
that the hypoglycemia is due to a “pancreatotropic” hormone, but rather 
to regard this event as another example of readjustment in the metabolic 
mixture available to the animal. 

SECONDARY CHANGES IN METABOLISM FOLLOWING THE 
INJECTION OF A.P.E. 

The Anterior Pituitary and the Insulin Content of the Pancreas 

Mention was made above of the claims of some investigators regarding 
the demonstration of the existence of an anterior pituitary hormone that 
regulates insulin secretion. These were based on the observations that 
the injection of certain types of extract produces hypertrophy of the 
islands of Langerhans in rats and that under some conditions such ex¬ 
tracts would also lower the blood glucose level. Richardson and Young 93 
though unable to confirm the claim that a particular type of extract had 
these properties, were able to show that crude alkaline extracts of the 
type that produce glycosuria and permanent diabetes in dogs did cause 
an islet hypertrophy in rats. Richardson showed 94 that in the dog ren¬ 
dered permanently diabetic by A.P.E. injections, the islands of Langer¬ 
hans were more or less destroyed. Consequently", there exists a marked 
species difference in the response of these cells to A.P.E. and it is to be 
noted that this may- be correlated with the resistance of the rat to the 
“diabetogenic’’ action of the extract. 

Best, Campbell and Haist 95 were able to report that in the dog A.P.E. 
injections immediately and drastically lowered the insulin content of the 
pancreas, but in contrast Marks and Young 96 found that the same type 
of extracts increased the insulin content of the rat pancreas. They also 
noted 97 that this ‘‘pancreatotropic’ 1 action was associated with the growth 
and diabetogenic activity of the extracts. 

Further evidence that the influence of the anterior pituitary on the 
pancreas is an indirect one is furnished by studies on hypophy-sectomized 

0<* Richardson, E. C., & Young, F. G. Jour. Physiol. 91: 352. 1937. 

9* Richardson, K. G. Proc. Hoy. Soc. London. Series B. 128: 153. 1940. 
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animals. In the case of all other endocrine glands whose activity is 
governed by a “tropic’’ hormone, the removal of the pituitary is followed 
by atrophy and other evidences of hypofunction. Xow it is quite evi¬ 
dent that hypophysectomized animals do not exhibit any signs of insulin 
deficiency but on the contrary many of their reactions suggest an ab¬ 
normally high ability to utilize carbohydrate. Furthermore, there is no 
histological evidence to suggest that the islands are not normal in hypo¬ 
physectomized animals. Indeed, Bakay 08 found that in dogs 2 to 6 
months after hypophysectomy the islands of Langerhans were increased 
both in size and number. 

Apart from this morphological evidence Haist" has shown that hy¬ 
pophysectomy only slightly reduces the insulin content of the pancreas 
of rats and, furthermore, that feeding fat causes a decrease as it does in 
intact rats. The reduced insulin content is restored both in normal and 
hypophysectomized rats by returning them to a mixed diet. Griffiths 10 *’ 
has also shown that the injection of A.P.E. into hypophysectomized 
animals increases the insulin content of the pancreas at the same time 
that it promotes growth. Moreover, Soong 101 reported similar results. 
Evidently the capacity of the islet tissue is not only unaffected by hy¬ 
pophysectomy but it is also able to respond in a normal manner to altera¬ 
tions in the demands of the tissues for insulin. 

On the other hand, Funk and coworkers 102 in a recent short communi¬ 
cation claimed that alkaline extracts of the pituitary can be fractionated 
into two parts, one of which increases while the other decreases the in¬ 
sulin content of the rat pancreas. The magnitude of the decrease in 
insulin content that they reported to follow the one fraction is not im¬ 
pressive although, in accord with the work cited above, their “globulin 1 ' 
fraction did increase the insulin content. They also made the surprising 
claim that highly purified lactogenic hormone will bring about a virtual 
disappearance of insulin in the rat pancreas. This is surprising not only 
because prolactin has not been showm to be diabetogenic but also because 
Fraenkel-Conrat and coworkers 103 reported that this hormone increases 
the insulin content. Furthermore, purified growih preparations pro¬ 
duce a decrease in the insulin content, a result that may be in keeping 
with the known close association between growih and diabetogenic ac¬ 
tion. The fact that prolactin is reported to increase the content of 
insulin in the pancreas is exceedingly interesting, as no other metabolic 

*8 Bakay, L. V. Piluger’s Archiv. ges. Physiol. 248: 733. 1940. 
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change (except lactation) has so far been observed to follow the injection 
of this hormone into mammals. 

There are also reports which suggest that the anterior pituitary hor¬ 
mones are not the only ones that may cause alterations in the insulin 
content of the pancreas. Griffiths, Marks and Young lw found that, 
following the implantation of tablets of diethyl stilbestrol, estriol and 
estradiol into rats, the insulin content of the pancreas was increased; 
cholestrol, estrone and testosterone were inactive. Funk and co¬ 
workers 102 also stated that stilbestrol and estradiol increased the insulin 
content and that progesterone and testosterone caused a small decrease. 
It should be noted that stilbestrol produced glycosuria in normal rats 105 
though it is stated that the estrogens aggravated the glycosuria of par¬ 
tially depancreatized ferrets. 106 Fraenkel-Conrat and collaborators, 107 
however, have recently reported that this effect of estrogens in increasing 
the insulin content is mediated by the anterior pituitary since they are 
ineffective in this regard in hypophysectomized rats. 

The marked effects of certain adrenal steroids on carbohydrate meta¬ 
bolism is discussed elsewhere. Haist and Best 108 reported that adrenal¬ 
ectomy did not alter the insulin content of rats given a balanced diet 
and maintained with sodium chloride. The administration of a high 
fat diet led to a decrease in insulin content but when 3 to 6 cc. of cortical 
extract was given by mouth to adrenalectomized rats on a balanced diet 
no change could be detected in the insulin content of the pancreas. 
But since 11-dehvdro 17-hydroxy corticosterone will produce glycosuria 
in normal rats, 91 it would be well to reserve judgment on the influence of 
adrenal steroids of this type since the quantities of extract given in these 
experiments may not have been sufficient to produce detectable effects. 

Present evidence would indicate that the production of insulin is not 
directly dependant on endocrine factors. It sterns entirely probable 
that the demands of the organism expressed through the level of the 
blood glucose are the factors that regulate insulin production and supply. 
Circumstances that depress the general level of blood glucose lessen the 
requirements for insulin but those that result in an elevation of blood 
glucose stimulate an increased insulin production. A continued stim- 
ulation such as is produced by a continued high level of blood glucose 
appears to bring about, at least in some species, an ultimate failure of 
the insulin secretory mechanism. 
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The apparent importance of the blood glucose level is illustrated by 
the experiments of Lukens and Dohan. These investigators have pre¬ 
viously shown 109 that insulin treatment of cats with a permanent diabetes 
induced by anterior pituitary extract w T as followed by morphological and 
functional recovery of the pancreatic islands. They recently found 110 
that a course of phioridzin injections, which markedly lowered the blood 
glucose of these animals, was also followed by recovery as judged by the 
subsequent absence of glycosuria and a normal blood glucose level. 

The experiments quoted above furnish an excellent example of the 
manner in which hormones that are concerned with one particular effect 
on metabolism—in this case the repression of glucose utilization and the 
stimulation of glucose production—may so alter the character of the 
metabolism that other endocrine glands may be involved, first by in¬ 
creasing their hormone production and finally, if the initial stimulus is 
long continued, by an actual decline in function. If the original stimulus 
is withdrawn, the abnormality in metabolism wdll be perpetuated by the 
deficiency in the endocrine that was secondarily involved. 

Three ways have been outlined in which the anterior pituitary gland 
may influence the processes of metabolism and an attempt has been made 
to present examples of each kind of effect that may be produced as w T ell 
as the metabolic interrelationships that may be involved. The fourth 
possibility has not been mentioned, namely, the “anti-hormone” effects 
that may be produced by long continued injection of A.P.E., since it 
seems that this can hardly be a physiological process and also it is ex¬ 
tremely unlikely .that the hormones in a pure form will produce “anti¬ 
hormones.” 

Enough, however, lias been said to illustrate the complicated character 
of the endocrine control of metabolism, but in spite of the fact that em¬ 
phasis has been placed on the influence of the hormones on metabolism, 
it should not be forgotten that the ability to utilize or oxidize foodstuff?' 
is an inherent property of the cells and that the endocrine glands only 
accelerate or inhibit certain phases of these transformations. 

Thus, although it has been said in the past that in the absence of insulin 
the organism is unable to utilize glucose, recent research has shown that 
the removal of the hypophysis or adrenals restores to some degree the 
ability to oxidize this carbohydrate. Similarly, thyroidectomy, although 
reducing the rate of oxidation in cells, does not completely suppress it 
and hypophysectomy, although greatly retarding protein synthesis. 
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does not entirely prevent growth since regeneration of such organs as 
the liver, although somewhat retarded, still occurs after its removal. 

The exact manner in which a hormone diverts the metabolism in one 
direction or another is still unknown. It may be that just as certain 
vitamins have been shown to be parts of enzyme systems concerned with 
particular chemical transformations, so ultimately a similar role will be 
assigned to the hormones. 






